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した PBGF(Yb-PBGF)を用いた 1178 nmにおける高効率、高利得な PBGF増幅




















から出力パワー 87 W、利得 12.4 dB、対吸収パワーで 30%の引き出し効率を実現









させた際に約 0度のファイバーでは 1010 nm付近で起こる寄生発振が見られた。







究ではフォトニック結晶構造と PBG構造を複合したコア径 36 mの大口径ファ











For the applications at the yellow-orange color region, such as laser guide star,
laser coagulation, and spectroscopy, ber laser sources at the wavelength range
of 1150 nm-1200 nm are alternatively investigated because of no gain medium
at the visible region. Ytterbium ber laser and amplier have shown excellent
performances in high output power and eciency at 1 m. Since the gain peak of
an Yb ber is around 1030 nm, in the case of the long wavelength operation, the
Yb ber laser/amplier suers from strong amplied spontaneous emission (ASE)
and parasitic lasing at unwonted wavelengths near the gain peak. In this thesis
the development of the high-power, single-frequency ber sources at 1178 nm is
presented. The gain peak of Yb3+ is modied by use of the photonic bandgap
ber (PBGF). At the high gain region, large propagation loss was applied by
the spectral ltering property of the PBGF core. The single-frequency source
is based on the master-oscillator power amplier conguration and composed of
one oscillator and two ampliers. The seed was in-house external cavity laser
diode. Fiber Raman amplier (FRA) was developed as the preamplier in order
to obtain highly ecient amplication at the PBGF amplier. Because the power
limitation by the nonlinear eect, stimulated Brillouin scattering (SBS), is the
main obstacle in the case of the narrow linewidth, mitigation techniques of SBS
are investigated for the power scaling. Three dierent SBS mitigation techniques
were experimentally tested in the FRA. Eventually the SBS mitigation at both
FRA and PBGF amplier were achieved by the spectral linewidth broadening
using electro-optical phase modulator. Besides the experiments, several numerical
studies were introduced to predict the suitable PBGF and amplier designs. The
higher ASE suppression was founded in the case of that the ber bending radius
is orthogonal to the PBGF's boron axis. For the further power scaling large mode
area PBGFs have been developed and experimentally tested in the amplier.
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The rst ber laser was proposed and demonstrated in the 1961 by Snitzer [1, 2].
Lasing was obtained in a neodymium doped ber of diameter 300 m. The concept
of ber laser is very simple and functional. The complete light connement in
optical waveguide allows a highly robust and compact conguration. The ne
strand format oers very high heat dissipation capacity. Hence, the optical ber
conguration is an excellent laser material in principle. However, at that time there
was a problem which is high loss of silicate glass. Around 1980, as the fabrication
technology of optical ber mature, the revival of ber lasers was started. Several
important research works have been done in the middle of 1980s [3{5]. Successful
light amplications by neodymium-doped and erbium doped bers were obtained.
However, there were several problems. One of those was the dicult pump coupling
due to the small core size. Another problem was the large and complicated pump
sources which let a setup being very large despite of the compactness of the gain
ber. In 1989 the rst semiconductor laser diode (LD) pumped Er-doped ber
amplier was demonstrated at 1.55 m [6]. LD pumped ber laser allows a compact
conguration, which paved a path to current state of optical communications. The
wavelength of 1.5 m owns advantage for the application of optical communications
because the loss of silica ber becomes minimum, while in the eld of high-power
ber lasers, the wavelength of 1 m is the most popular wavelength because of
the available Yb3+ as a gain material. Owing to its excellent property, the output
power of Yb ber laser sources is about one order of magnitude higher than other
ber laser sources [7]. The potential of Yb ber has been recognized from the
beginning of 1990s [8, 9]. It oers a high quantum eciency due to the only two
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level electronic states, ecient LD pumping due to the broad absorption spectrum
and low quantum defect due to the close pump and emission wavelengths. Because
of these proprieties the output power of Yb ber is almost scalable with the power
of pump source [10]. For ecient pumping, the double clad ber conguration was
proposed in 1988 [11]. Since then, the output power of Yb ber laser sources has
evolved principally depending on the output power of pump LDs [10]. The output
power in the diraction limited beam quality of a Yb ber laser have reached 100
W in 1999 [12] and it broke through the 1-kW line in 2004 [13] and the 10-kW line
in 2009 [14].
These days, the power scaling of ber lasers has been no longer limited by the
performance of gain material but mostly by nonlinear eects [15]. Thus, most
eorts of the development of ber lasers have been made on the nonlinearity miti-
gation. Microstructured optical bers (MOFs) attracts a great deal of attention as
a new class of optical bers which have potential to overcome the current limita-
tion. The investigation of MOF was started earlier in the telecom industry in the
beginning of 1980s when the fabrication technology of step-index bers get ma-
tured. The ber with a simple core and clad conguration has no much room to
be rened. Thus, a new type of optical waveguide was sought. Among this move-
ment the concept of photonic crystal was alternatively proposed by John [16] and
Yablonovitch [17] in 1987. In a photonic crystal, some states of light are inhibited
to exist by photonic bandgap eect. Thus, it can be used for waveguiding by intro-
ducing a defect in the photonic crystal, because the light inhibited by the photonic
bandgap eect localizes in the defect. The rst ber based on a photonic bandgap
waveguide (so called photonic bandgap ber (PBGF)) was realized in 1998 [18]. A
few years earlier than that a ber with embedding air holes in cladding as a means
of index control was fabricated [19]. Today, this ber is mostly called photonic
crystal ber. Until now MOFs have been investigated very intensively for usages in
multiple purposes: nonlinearity mitigation, dispersion compensation, gain prole
engineering and so on [20{22].
1.1 Motivation
The motivation of this thesis is based on the large interests on the ber laser source
at wavelength range from 1150 nm to 1200 nm. In particular, in the wavelength
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range of yellow-orange covered by their second harmonic wavelength, there is a
variety of applications. For example, laser guide star [23], high resolution spec-
troscopy [24], medicine [25], atomic clock [26] and so on. However, dye is the
only natural gain material which is practically available at this visible range so
far and dye laser is an unpractical light source due to high running cost and short
maintenance period. In order to use as an alternative of dye laser, light sources by
frequency conversion techniques have been investigated, such as optical parametric
oscillator [24], sum frequency generation [27{29] and second harmonic generation
(SHG) [30{34]. The combination of ber laser and SHG is a promising candidate
in terms of good beam quality, compact and robust conguration, and low run-
ning cost. Optically pumped semiconductor disk lasers and intra cavity SHG also
allow a simple and compact high-power emission [33,35]. However, it has thermal
problem [35] and the power scaling is under investigations. Two rare earth ions,
ytterbium [9] and bismuth [36], oer emission spectra at the wavelength region.
Raman gain of silica ber also oers a broad gain at this wavelength region [37].
In comparison with Bi-doped ber and Raman ber which pumped by ber lasers,
Yb-doped ber has advantage of direct laser diode pumping. However, despite
of the excellent performances of Yb ber lasers around 1050 nm, only within a
limited wavelength range despite the broad emission spectrum extending to 1200
nm. The function of MOF in terms of spectral ltering allows us to modify the net
gain spectrum of gain bers [22]. Several experimental results suggest promising
potentials of PBGFs for extending the tunability of a gain medium [38,39]. Since
this brand new ber haven't yet been investigated completely, many properties
are still unclear. For example the acoustic property of this ber is important for
optical communications and narrow-linewidth ber laser sources [15], but it is still
not characterized. A single-frequency and high-power source is desired for laser
guide stars (LGS) [29] at 1178 nm. LGS is one of the most important devise for
astronomy. It allows us a diraction limited observation of stars through the blur-





In this thesis, the demonstrations of high-power and single-frequency ber sources
at 1178 nm are presented. The ber sources are composed of two formats: ber
Raman amplier and PBGF amplier. Fiber Raman ampliers were developed
mostly as the preamplier of a PBGF amplier. However, it is a very important
part because the performance of the PBGF amplier signicantly depends on the
seed power. There are two main topics: the gain control and ecient power
extraction by the PBGF and the power scaling of narrow-linewidth sources by
stimulated Brillouin scattering (SBS) mitigation. The former is an issue only for
the PBGF amplier, but the latter is a common issue for both ber Raman and
PBGF ampliers.
In Chapter 2, the basics on Yb-doped ber amplier and ber Raman ampli-
er are presented. These knowledges are important for design and develop the
ampliers. Basics on SBS is explained. The nonlinear eect is the main obstacle
of the development of a narrow-linewidth ber laser source.
In Chapter 3, the basics on microstructured optical bers are presented. The
explanations on two dierent MOFs: photonic crystal ber and PBGF. The prin-
ciple connement mechanisms and some of their peculiar properties are presented.
In Chapter 4, developments of high-power narrow-linewidth ber Raman am-
pliers are presented. The developments include three parts: seed source, pump
source and ber Raman ampliers. The development of an external cavity laser
diode is presented in Section 4.1. In Section 4.2, an in-house high-power 1120 nm
Yb-doped ber laser is presented. In the ber Raman amplier part, three dier-
ent ampliers are presented. In each amplier a dierent amplier conguration
was introduced for SBS mitigation and designed based on the characterization of
Brillouin gain spectrum of the Raman ber. In Section 4.3 and Section 4.4, two
ber Raman ampliers with the SBS mitigation techniques based on the idea of
changing the acoustic velocity along the gain ber was demonstrated. In Sec-
tion 4.5, the ber Raman amplier with the SBS mitigation method based on the
linewidth broadening is presented.
In Chapter 5, the developments of high-power narrow-linewidth 1178 nm PBGF
ampliers are presented. Two dierent type PBGFs with dierent core sizes are
investigated. In Section 5.1, the Yb ber laser operation at wavelength range
from 1150 nm to 1200 nm is introduced briey. In Section 5.2, the properties of
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PBGF with 10 m core are explained. In Section 5.3, the rst demonstration of
a single-frequency amplication by the PBGF is presented. In order to investigate
SBS in the PBGF, Brillouin gain spectrum of the ber was measured, which is
also presented in the section. In Section 5.4, SBS mitigation by a linewidth broad-
ening of the seed signal and the amplication by a PBGF amplier are presented.
Amplier modelings based on rate equations which help studying of ampliers are
presented in Section 5.3 and Section 5.4. In Section 5.5, the property of parasitic
lasing in PBGF ampliers is discussed. And In Section 5.6, the mechanism of
parasitic lasing is investigated based on mode analysis using a numerical model-
ing by using a nite element method. In Section 5.7, for the next stage of power
scaling, a 1178 nm amplication using a large mode area ber based on photonic
crystal ber and PBG hybrid structures was investigated. The purpose of this
experimental is test of the power extraction in the large mode area ber with the
diameter of 31 m. Therefore, a broadband seed source was used.
In Chapter 6, the conclusion and future prospect are mentioned.
5
Chapter 2
High-power CW ber lasers and ampliers
at 1 m
Active bers doped with dierent rare-earth materials oer the laser operation
at dierent wavelength regions [40, 41]. Erbium doped ber has been used in the
telecommunication applications around 1550 nm [42]. Ytterbium doped ber has
shown excellent laser performances in terms of both high-power CW and pulsed
operations at the 1 m region [10, 43]. Thulium doped ber has recently been
developed intensively at 2 m [44] which is an eye-safe region and there are mul-
titude applications, e.g. surgery and sensing. These rare-earth doped active bers
typically show broadband absorption spectra. Thus, the bers can be pumped
with low-cost and high-power LDs, which is an advantage for power scaling. All
active bers discussed and used in this thesis are ytterbium doped ber.
On the other hand passive ber without doping of rare-earth material also
can be use for optical amplication by utilizing the nonlinearity of optical ber.
For example, ber Raman amplier has been used at 1.3 m for telecommunica-
tion applications [45]. The wavelength is the zero dispersion wavelength of silica
glass [15]. Raman gain oers a broad gain bandwidth and can be generated at an
arbitrary wavelength depending on the pump wavelength unlike rare-earth mate-
rials which emission wavelengths strongly depend on their electronic states. Fiber
Raman amplier can be alternatively used at the wavelengths where rare-earth
doped materials are dark.
This chapter will introduce the properties and limitations of ytterbium doped
6
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ber and Raman ber in high-power ber lasers and ampliers. An numerical
model of ytterbium ber amplier will be presented. The model was used for the
development and analysis of Yb-doped ber ampliers.
2.1 Basics of ytterbium-doped ber laser and amplier
Remarkable progresses in the eld of Yb-doped ber lasers and ampliers have been
made for the last decade. The output power as high as 10 kW in a single transverse
mode from a single emitter have been realized in 2009 [14]. More than 100 kW
in multi-mode output by by beam combination is now available. Such ber tools
are interested for industrial applications such as laser material processing [7]. At
1 m Yb ber are mainly used as high-power laser material. Moreover, the output
power from Yb ber lasers has shown a magnitude order higher output power in
comparison with the dominant ber sources at other wavelengths. This is rely on
the excellent properties of Yb3+ ion in glass host. Yb3+ ion owns only two levels,
which oers a quantum eciency of  1 and no excited state absorption. Thus, it
allows a high doping concentration, which means high gain can be obtained. The
closed absorption and emission wavelengths results in quantum defect of only few
%, which realizes very low heat load in the ber. The broad absorption spectrum
also allows direct pumping by multimode semiconductor laser diode (LD) that is
low cost and high power. In this section the basics of Yb-doped ber lasers and
ampliers (mainly on ampliers) are presented.
2.1.1 Yb3+ absorption and emission in a glass host
Rare-earth ion doped lasers and ampliers operate through the cycle of absorp-
tion and stimulated emission processes of the ion. An incident pumping photon
absorbed by an rare-earth ion excites the ion to a higher energy state from the
ground state. Under the presence of a signal photon which energy corresponds
to the energy gap between the ion's higher energy state and ground state, the
signal photon can extract energy from the excited ion by generating a copy of
itself through stimulated emission and causes the ion falling to the ground state.
Through these processes the signal is enhanced coherently.
The trivalent ion Yb3+ is doped in ytterbium doped bers. Yb3+ has a dis-
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Figure 2.1: Energy level structure of Yb3+ ion in silicate glass. The red arrows
refer to pump light transitions and the blue arrows refer to signal transitions. The
black arrows refer to nonradiative phonon-induced transition.
tinguishing two-state energy structurer, which contrasts to the other rare-earth
materials which have multiple energy levels (for example see Figure 4.4 in [42]).
The ground state is the 2F7=2 and the excited state is
2F5=2. Each energy state
splits into four and three Stark levels respectively [8,46,47]. The spacing between
two Stark manifolds corresponds to optical wavelength of 1 m. These two levels
are the only energy levels of the [Xe]4f 13 electron conguration. Levels of exited
state congurations and charge transfer states are in the ultraviolet region [47].
The only two energy levels inhibits excited state absorption for both the pump and
the laser wavelengths and serious concentration quenching [46]. This is benecial
for power scaling because the high gain can be obtained by increasing the dope
concentration.
The energy level diagram is shown in Figure 2.1. The red arrows show the ab-
sorption transitions and the blue arrows shows the stimulated emission transitions.
Between the Stark levels nonradiative phonon-induced transition occurs, which is
shown by black arrows.
When Yb ions are placed in a glass host material, i.e. doped in an optical ber,
they are subject to the inuence of numerous complex forces, which changes the
splitting within the Stark manifolds. Therefore actually the transition wavelengths
are not obvious. The wavelengths account for the transitions in Figure 2.1 are
approximate. The absorption and emission spectra in glass hosts show broad
and continuous spectra due to inhomogeneous and inhomogeneous broadenings
[46,47]. The spectral shapes are slightly modied depending on the host material,
e.g. uoride glass or silicate glass, and co-dopant. The active bers used in
8

























Figure 2.2: Absorption and emission cross section.
this thesis are generally based on silica grass with the co-dopant of aluminum
unless otherwise stated. Aluminum is used to dilute ytterbium and avoid the
clustering of ytterbium. The absorption and emission cross section of an Yb-
doped aluminosilicate ber is shown in Figure 2.2. The absorption cross section
was directly obtained from the absorption spectrum of a preform. The emission
cross section was determined from the side uorescence spectrum of the ber. The
lifetime of  = 0.84 ms was used.
The excitation can be obtained by pumping at wavelengths from 800 nm to
1070 nm. The absorption below 950 nm mainly corresponds to the transitions
from L0 the lowest state of the lower manifold (see Figure 2.1) to U1 and U2
upper Stark levels of the upper manifold. The strongest absorption peak at 975
nm corresponds to the transition from L0 to U0. The absorption above 1000 nm
corresponds to the excitation from a higher energy level of the lower manifold.
When an ion is excited to a higher energy level of the upper manifold, it rst
falls to a lower level within the manifold through nonradiative phonon-induced
transition and then contributes to the laser transition. However the transitions at
975 nm includes no phonon concerned process and therefore called zero-phonon
line. The emission wavelength extends from 970 nm to 1200 nm. The emission
above 1000 nm corresponds to the transition to a higher energy state in the lower
manifold. The transition starts from a higher energy state for the both absorption
9
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and emission is generally very weak because of fewer populations according to
Boltzmann distribution.
2.1.2 Double clad ber
One of the most important technology for rare-earth doped bers is double clad
structure. An example of double clad ber (DCF) is shown in Figure 2.3. In this
example the rare-earth ion is doped in the centered core which has the highest
refractive index. The inner-cladding has higher refractive index than that of the
jacket. Thus, there is connement in the inner-cladding. This inner-cladding has
a large area and high NA, which allows ecient coupling of multimode LD output.
The coupled pump power is guided by in the cladding and gradually absorbed by
the core. Therefore, a highly-ecient and high-power pumping is possible with this
ber format. Currently in most of high-power ber lasers and ampliers, double
clad ber is used.













where I is intensity, ! is steradian, P is power, w is beam west,  is beam half-
divergence angle,  is wavelength, M2 is beam quality factor, and NA is numer-
ical aperture. From the denition of brightness we obtain the brightness ration
Blaser=Bpump between the pump and laser signals of a ber laser/amplier. In the
case of core pump format Blaser=Bpump < 1 due to Plaser < Ppump. On the other










where dcore and dclad are diameter of core and clad. For example, using parameters
of a conventional DCF: dcore = 5 m, dclad = 130 m, NAcore = 0.13 and NAclad =
0.46 (from Nufern's SM-YDF-5/130 ber), we obtain Blaser=Bpump  8464. Since,
eciency of ber laser is very high, Plaser=Ppump  1 was assumed. Since very
high brightness ration can be achieved by DCF format, the ber laser/amplier
employing DCF format is a highly ecient spatial brightness amplier.
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Figure 2.3: Schematic of rare-earth doped double clad ber.
2.1.3 Fiber amplier modeling
In general, a numerical model is useful for qualitative analysis and design of a
ber amplier. The laser dynamics is described by rate equations. We can obtain
the temporal change of population density of each energy state by solving the
rate equations. For Yb-doped ber amplier, the modeling is quite simple due
to the only two levels conguration. The Yb-doped material shows three level
and quasi three level laser transitions because of the simple energy level structure
[9]. The Stark splitting of the manifold can be neglected because the photon-
induced transitions within each manifold are quite fast and thus can be assumed
instantaneous [46]. The total population is divided by two energy levels. The
system satises
N = N2 +N1; (2.3)
where N is the dope concentration of Yb3+ ion and N1, N2 are the population
density of the lower level and the upper level, respectively. The populations at
each state are governed by the transition rates between two energy states. The
rate equations are given by [46]
dN2
dt
= (R12 +W12)N1   (R21 +W21 + A21)N2; (2.4)
dN1
dt
=  (R12 +W12)N1 + (R21 +W21 + A21)N2: (2.5)
The subscripts in the equations correspond to the transitions; 12 accounts for
the transition from the lower state to the upper state, while 21 accounts for the
opposite transition. R is the pumping rate, W is the rate of stimulated transition,
11
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where ap and ep are absorption and emission cross section of the pump, as and
es are absorption and emission cross section of the signal, p and s are the pump
and signal frequencies, h and c are Planck's constant and the speed of light, 
is the lifetime of the upper state, Pp and Ps are pump and signal power, Acore is
the area of the core. Because of the waveguide nature of optical ber, even for
the guided core mode a certain amount of power is located in the cladding due
to evanescent. Such evanescent light do not interact with the doped ions which
locate only in the core region. Therefore pump power and signal power are need to
be scaled by overlap factors which correspond to the power fractions of the pump
light and the signal light in the core region. For the mode guided in the core the




F (r)rdr  1  e 2a2=!2 ; (2.9)




F (r)rddr = 2
Z 1
0
F (r)rdr = 1; (2.10)
a is the core radius, r is the radial position, and ! is the mode radius. The last
relation of Eq. (2.9) was obtained by approximating Gaussian distribution of the
intensity distribution. The mode radius can be obtained from the V parameter
by an approximation [48],
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a
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where b is the cladding radius. Here we assumed that the Yb3+ ions distribute
homogeneously in the core region.
Since all Yb-doped ber ampliers discussed in this thesis are operated with
contumacious wave, we consider a steady-state of the rate equations. For the
steady-state, the time derivatives are 0 and we obtain
N2 =
R12 +W12
R12 +R21 +W12 +W21 + A21
N; (2.13)
N1 = N  N2; (2.14)
from Eq. (2.3), (2.4) and (2.5).
The propagation equations for pump and signal are given by
dPp(z)
dz
= [ p ( apN1 + epN2)  p]Pp(z); (2.15)
dPs (z)
dz
=  [ s ( asN1 + esN2)  s]Ps (z); (2.16)
where P+s corresponds to forward pumping system that the pump and signal are
copropagating and P s corresponds to backward pumping system that the pump
and signal are counterpropagating, and p and s are connement loss for the
pump and signal, respectively. In the case of a double clad ber the loss of cladding
mode can be neglected. Here we considered that there are only the pump and
signal light in the system. Thus, the contribution of spontaneous emission is
neglected. This is valid for Yb-doped amplier operated at a generally wavelength,
e.g. around 1064 nm [46]. We also assumed a homogeneous broadening of the gain
medium.
Runge-Kutta method was used for solving the propagation equations. For a
forward pumping conguration, the equations can be solved very easily. The length
of the gain ber is divided into discrete segments with the segment length of dz.
For the rst segment where the pump and signal power are given as initial values at
the input end, the upper state population N2 and ground state population N1 can
13
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be obtained from Eq. (2.13) and (2.14). From the obtained population densities,
by use of Eq. (2.15) and (2.16) the pump and signal power at the output end of
the segment are derived and succeeded to the next segment. By repeating these
process for all subsequent segments, the pump and signal power at the amplier
output can be obtained. For a backward pumping conguration, the problem is
a little bit complicate because the initial values are given at dierent ber ends.
In this case we can use, for example, the shooting method [49]. We can assume
an output power of the signal at the amplier output where the input pump
power is known and then we start the aforementioned Runge-Kutta process to
obtain the pump and signal power at the amplier input, which is repeated with
rening the initially assumed signal power till then the calculated signal power
shows reasonable correspondence to the actual signal input power. For only two
propagating signals, the problem can be solved in a relatively short time.
2.1.4 Gain of Yb-doped ber amplier
Considering the gain of an Yb-doped ber amplier (YDFA) with the ber length





where g(z) is the gain coecient given by (a()N1   e()N2) from Eq. (2.16)
by assuming  s = 1 and s = 0. The gain is determined by the absorbed pump








Here the gain G is shown in decibel.
Because of no loss and only two levels of the system, upper population N2 is
determined by Pa. If the absorbed pump power in the unit length is P
0
p, using the
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Figure 2.4: (a) Maximum inversion ratio at each pump wavelength. Two major
pump wavelengths; 910 nm and 975 nm are indicated. (b) Gain spectrum for
dierent inversion levels. An zoom-in is shown in inset.
and Eq. (2.18) we obtain the gain in the unit length Gunit (L = 1) to be
Gunit =4:343 [(e() + a())N2  Na()]
=4:343 [(e() + a())R  a()]N [dB/m]:
(2.20)
where R = N2=N is inversion ratio. Practically, the unknown parameter is only
R. The equation shows that the gain is uniquely determined by R.











The calculated Rmax as a function of pump wavelength is shown in Figure 2.4(a).
At 910 nm the maximum inversion of 97% is possible, while at 975 nm the maxi-
mum value is 50%. These are two major pumping wavelengths. The numerically
obtained gain spectra by using Eq. (2.20) are shown in Figure 2.4(b). The inver-
sion ratio was increased from 0.0 up to 1.0 in steps of 0.1. For wavelength below
1080 nm, there is absorption loss if the inversion ratio is low. Since the maximum
inversion ratio is 50% by pumping at 975 nm, in this case the maximum gain is
about 50 dB/m. Higher inversion ratio can be obtained by pumping at 910 nm,
15
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but a linger ber is required due to smaller absorption cross section.
2.1.5 Saturation intensity
Assuming the absence of laser signal, the gain coecient g0, so called small signal
gain is given by g0 = eN2. In an optical ber it is more precisely given by
g0 = e sN2. On the other hand under the presence of laser signal, the gain





where I is the signal intensity and Isat is so called saturation intensity. When I






where h is Planck's constant. Saturation intensity versus signal wavelength is
shown in Figure 2.5. The emission cross section shown in Figure 2.2 is used.
For ecient amplication the seed intensity should be higher than the saturation





















Figure 2.5: Saturation intensity versus signal wavelength.
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2.1.6 Photodarkening
Since power limitation of ber lasers and ampliers is mostly caused by nonlinear
eects, a short gain ber length is preferred for suppressing nonlinearity that is
proportional to Leff=Aeff , where Leff is eective length and Aeff is the eective
area of the core mode (these two parameters will be explained in the later section).
With a shorter ber, the maximum gain of an Yb-doped ber becomes less from
Eq. (2.18). In order to shorten the ber without reducing the gain of the ber,
the doping concentration must to be increased. Then a problem arises. It is
known as the photodarkening [50]. Photodarkening causes excess loss mostly at
short wavelength of the visible region. However, it extends to over 1 m. Under
the exposing of Yb ber to a strong pump light, the process of photodarkening is
succeeding. Therefore it causes a lifetime reduction of an Yb ber [51]. An example
of the photodarkening eect is shown in Figure 2.6. The ber was strongly exposed
to the pump light and highly photodarkened. The spectral spikes around 800 nm
to 1020 nm was caused by absorption of ytterbium.
Because the speed of photodarkening depends on the inversion of the ber, this
process is considered to be induced by corporative upconversion [52]. Therefore
the localization of Yb ions will enhance the rate of the photodarkening. In order
to reduce the clustering of Yb ions some materials, e.g. aluminum, phosphor, and
recently cerium are co-doped with ytterbium [53]. These co-doped materials are



















Figure 2.6: Excess loss induced by photodarkening in an aluminum co-doped Yb
ber. A 11 cm ber was exposed to a 200-mW 975 nm pump light for 120 min.
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2.2 Basics of ber Raman amplier
Stimulated Raman scattering (SRS) is a nonlinear process. By utilizing SRS a
passive optical ber can be an optical amplier. Raman scattering is induced by
the third order nonlinearity of optical bers [15]. Through the Raman process the
energy of an optical signal can be converted to a dierent wavelength. Therefore
it can be used for optical amplication, while it also can limit the performance of
laser and amplier. An optical ber shows strong Raman interaction because of
the high intensity of the core mode and very long interaction length.
2.2.1 Raman scattering and Raman gain spectrum of optical ber
Raman scattering was discovered by C. V. Raman in 1928. There are two process
for Raman scattering: Stokes and anti-Stokes process. The energy diagram for
Raman scattering is shown in Figure 2.7. The diagrams include imaginary states,
i and i'. The Raman processes are explained as the transition between the ground
state and the vibration states' band through the imaginary state. Raman reaction
time is faster than 100 fs [15], which means no energy storage in the process. The
(a) corresponds to the Stokes process which converts the pump signal to a longer
wavelength signal. The pump signal is used to generate the Stokes photon and
excite a phonon. The (b) corresponds to the anti-Stokes process which converts
the pump signal to a shorter wavelength signal, which can be explained as the
anti-Stokes photon generation by use of the energy of the pump photon and a








Figure 2.7: Energy state diagram (a) Stokes process (b) anti-Stokes process.
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Figure 2.8: Raman gain spectrum of (a) a fused silica single mode ber pumped
at 1 m [37], (b) in a phosphosilicate ber at 1064 nm pumping.
because it requires the existence of the phonon.
An optical ber shows abroad Raman gain spectrum because of the noncrys-
talline structure of glass. Two examples of Raman gain spectrum are shown in
Figure 2.8. The spectrum (a) shows the spectrum of a silica ber. The Raman
gain coecient gR is shown as a function of wavenumber shift. The wavenumber







where the subscribes account for the pump and Stokes, respectively. The gain
spectrum in silicate single mode ber was measured by Stolen etal: at pump wave-
length of 1 m [37, 54]. The peak is at k = 440 cm 1 with the corresponding
frequency shift of 13 THz.
Because the Raman shift result from to the vibrational state of structure, it
is strongly dependent on the material constructing the ber core [55]. Therefore,
it is possible to modify the Raman gain spectrum by changing dopant material
and the doping concentration of the dopant. The spectrum (b) shows Raman gain
spectrum of a phosphosilicate (P2O5-SiO2) ber. A broadened bandwidth up to
800 cm 1 is seen. And the spectrum has a distinguishing narrow peak at 1330
cm 1.
Raman gain coecient has a weak cross talk between the orthogonally polarized
pump and Stokes signal [15]. Therefore, the Raman gain does not vanish even for
19
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the signal which polarization orthogonal to that of the pump.
2.2.2 Propagation equations and SRS threshold
The propagation equations of the pump and Stokes signal are given by [15]:
dIs
dz





gRIsIp   pIp; (2.26)
where gR is Raman gain coecient, I, !, and  account for intensity, angler
frequency, and ber loss, respectively. The subscript s and p correspond to the
Stokes and pump signals, respectively. Assuming no loss of the ber, the photon











Eq. (2.25) and (2.26) can be used for the modeling of ber Raman amplier.
By solving the equations numerically, e.g. using the aforementioned Runge-Kutta
method, we can derive the output intensities of the pump and Stokes signals.
The threshold power P thSRS of SRS is dened as the input pump power when
the Stokes power equals to the pump power at the output of the ber and given
by [56]




where gR is Raman gain coecient, L is the actual ber length and the eective









 1 jF (x; y)j2dxdy
2RR1
 1 jF (x; y)j4dxdy
; (2.30)
where F (x; y) is the modal distribution.
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2.3 Power limitation of single-frequency ber laser
2.3.1 Stimulated Brillouin scattering
In optical bers, stimulated Brillouin scattering (SBS) occurs as a nonlinear scat-
tering which is induced by third order nonlinearity as well as SRS. In typical ber
lasers, SBS does not limit the performance of the laser, because the laser linewidth
is much broader than the Brillouin gain bandwidth. However in the case of the
narrow linewidth ber laser sources, the output power of the source is signicantly
limited by SBS. Since, in this thesis, the development of single-frequency ber
laser sources is presented, SBS is the most serious problem. In this section the
basics of SBS is presented.
Brillouin scattering
SBS imposes a signicant power limitation, because Brillouin scattering is a back-
ward reection which can attenuate the signal propagation. The signal is reected
by the acoustic wave which is induced by the signal itself and propagates in the
speed of sound. The scattered Stoles signal is downshifted in frequency due to






where np is refractive index at the pump wavelength p and vA is the acoustic
velocity. In optical bers the Brillouin shift frequency is around 10 GHz [15,57].
Acoustic wave  vA 
Pump  Ip, νpStokes  IS, νS=νp-νB
Figure 2.9: Schematic of Brillouin scattering.
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Brillouin gain spectrum and SBS threshold
When the acoustic wave decays as exp( t=B), then the Brillouin gain spectrum




(   B)2 + (B=2)2 gB(B); (2.32)
where B is the center frequency of the BGS, B is the FWHM of gain bandwidth
and 2B = 1=B, and B is the lifetime of the acoustic wave. Typical the lifetime
is very short and B <10 ns. However, despite of the short lifetime, the linewidth
of Brillouin gain spectrum in optical ber has several tens MHz. This is caused
by the guidance of the acoustic wave in optical ber and inhomogeneously of the
ber through the length [15].





where   2210 kg/m3 is the density of the silica, e  0.902 is the electrostrictive
constant [59]. Brillouin gain coecient is independent of the pump wavelength
and the gB(B) in bulk silica is known to be 510 11 m/W [15].
When the laser has a Lorentzian spectrum the laser linewidth dependence of





When the laser linewidth is much broader than the Brillouin gain bandwidth
(p  B), Brillouin gain becomes very small.
Since SBS is a nonlinear process, it has a threshold power. The threshold power
is dened same as SRS and given by [15,56]




where gB is Brillouin gain coecient and Leff is the dened eective length in
Eq. (2.29). It is important to note that the eective area Aeff used here has a
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dierent denition with Eq. (2.30). The core of an optical ber can guide acoustic
modes as well as optical modes [60]. Since, SBS is a consequence of the acoustic
and optical waves interaction, the strength of the interaction is determined by the
overlap of the modes. The Aao which is used instead of Aeff for SBS in this thesis










where E(x; y) and u(x; y) correspond to the eld distribution of optical mode and
acoustic mode, respectively. Aao is called acousto-optical eective area.






Dierently from SRS, SBS has no cross talk between the orthogonally polariza-
tions. Therefore if the pump and Stokes are linearly polarized and orthogonal,
Brillouin gain vanishes [62]. In this context, if one of the linearly polarized pump
and Stokes signals is launched into a polarization maintaining (PM) ber with its
polarization at 45 with the PM axis, the Brillouin gain averaged over the ber
will be reduced by a factor of 2 regardless of the polarization state of the other
signal. This has been experimentally conrmed in [63].
In the case of that in a standard single mode ber, no matter how changes
the polarization states of the pump and Stokes signals, the Brillouin gain does
not vanish. Because the polarization states are not maintained. By rotating the
polarization state of the linearly polarized pump while xing that of the Stokes, the
normalized Brillouin gain varies from 0.5 to 1. This means the polarization factor
varies from 1/3 to 2/3 [63]. The polarization factor in optical bers is explained




(1 + SS  Sp) = 1
2
(1 + SS1Sp1 + SS2Sp2 + SS3Sp3); (2.38)
where SS and Sp are the unit vector of the Stokes and pump in the Poincare
23
2. High-power CW ber lasers and ampliers at 1 m
sphere. In the case of the counterpropagating pump and Stokes signals, and if the
polarization states are identical fpk = 2=3, or if they are orthogonal fp? = 1=3 [64].
2.3.2 Power scaling of single-frequency ber ampliers
In the case of single-frequency amplier the pump intensity is typically much
higher than the signal intensity due to very low SBS threshold except the case
that narrow linewidth of the pump is required. In this case the amplier is small
signal amplier in which the pump depletion eect due to signal amplication is
small and thus it can be neglected. Indeed, for the discussion of SRS and SBS
thresholds the pump depletion is neglected, which is valid according to [56]. The
signal power in the amplier is given by
Ps(z) = Ps(0) exp(g0z); (2.39)
where Ps(0) is the input signal power, and g0 is small signal gain. The loss of the
ber was neglected, because it is very low (< 3 dB/km at 1 m) for silica ber
and generally the length of the amplier L is suciently short. By integrating the













(1  exp( g0L)) = Ps(L)L0eff :
(2.40)





If it satises 1 g0L, L0eff  1=g0. From Eq. (2.35) we obtain
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ber laser
It should be noticed that the Brillouin Stokes amplication by the amplier gain
g0 is neglected.
In the case of Yb-doped ber amplier, g0 = e sRmaxN . RmaxN corresponds
to the maximum inversion. From Eq. (2.42) we obtain




The equation shows the output power is determined only by N and Aao but not
by ber length. Because the acoustic mode and optical modes are guided in the
core, approximately Aao can be considered to be proportional to the core area A.
Since, typically the height of the dope concentration N is limited. The equation
suggests that power is scaled by the core size A.
In the case of ber Raman amplier, g0 = gRPp=Aeff . We obtain







where CR = gR=Aeff . This equation suggests independence of the SBS threshold
from the core area size and ber length of the Raman ber, which means the power
scaling is only possible by increasing the pump power Pp of the FRA.
Through the discussions the polarization states of the optical waves are as-
sumed to be linearly polarized and maintained on the same axis. In the actual





Microstructured optical bers (MOFs) is a class of optical ber which includes
index guiding photonic crystal ber (PCF) and photonic bandgap ber (PBGF).
In the class of PBGF there are two types of PBGF: hollow-core PBGF and solid-
core PBGF (SC-PBGF). This chapter will present basics of index-guiding PCF
and SC-PBGF.
As its name suggests, A MOF includes some kind of ne structure in its
cladding. Through the interaction of the optical wave and this ne structure,
MOFs oer peculiar properties which cannot be observed in conventional step in-
dex bers. A index-guiding PCF guides light by total internal reection (TIR),
while a PBGF guide light by antiresonant reection. Although the connement
mechanism of index-guiding PCFs are based on TIR which is same as conventional
step-index bers, index-guiding PCFs have some very dierent characteristics, e.g.
endlessly single mode guidance. On the other hand, in PBGF the light is guided
in a low index region and core mode appears at discrete wavelengths.
The term, photonic crystal was originally used to describe material in which
photonic bandgap arises. Conventionally, it is also used for all kind of MOFs. In
this thesis, PCF and PBGF indicate index-guiding PCF and SC-PBGF, respec-
tively.
Examples of ber cross section of a PCF and a PBGF are shown in Figure
3.1(a) and 3.1(b), respectively. For the PCF each darker region corresponds to air
hole. The air holes are arranged in a triangular lattice structure and embedded
for reducing the eective index of the cladding. The missing of one air hole at the
center is the core of the ber.
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Figure 3.1: Microscope image of (a) index-guiding PCF and (b) SC-PBGF with
boron rods.
Contrast to the PCF, for the picture of the PBGF each brighter region in the
ber cross section corresponds to a high-index rod. The rods are arranged in
triangle lattice. The periodic arrangement of the rods is not critical for forming
the core guidance but for lowering connement loss. Same as the PCF, the core of
the PBGF exists as the defect of the structure in the center. On the both sides of
the core there are replacements of high index rod by low index boron rods in this
PBGF, which is for polarization maintaining of the core mode.
This chapter will present basics of PCF and PBGF.
3.1 History
Since the rst concept of optical ber was proposed by Kao et al. in 1966 [65],
optical bers have been investigated intensively. In 1970 the step index ber which
has loss of 20 dB/km was fabricated by Corning. Eventually, the loss of 0.2 dB/km
which is same as the theoretical limit was a realized in 1979. When the fabrication
technology of low loss ber reached the theoretical limit, the researchers started to
nd new devices as an optical waveguide. The concept of controlling light emission
by photonic bandgap was suggested in 1987 by Yablonovich [17] and John [16].
The material in which photonic bandgap appears was named as photonic crystal.
The investigations of the photonic crystal technology for applying to the optical
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communication as a new type of waveguide were tied intensively. In 1995 the rst
two dimensional photonic bandgap guidance by triangular lattice of air holes was
proposed by Birks et al. [66]. In the next year, the rst PCF ber was fabricated
by Knight [19]. The ber showed a partly of the peculiar property of a index-
guiding PCF that the core mode has a wide single-mode guidance range. Therefore,
the ber is called endless single-mode ber and the detailed guiding mechanism
reported by by Birks [67]. In 1998 the rst optical waveguide by photonic bandgap
cladding was demonstrated by Knight et al. [18]. The ber has a core composed
of a air hole. Thus, the light connement in a low index core was obtained. The
rst SC-PBGF was demonstrated by lling air holes of index-guiding PCF with
high-index liquid in 2002 [68]. The rst all-solid PBGF was fabricated in 2004 [69].
The rods with high-index doping arranged in a triangular lattice were embedded in
silica background and up to 5th order PBGs were obtained. Until now these MOFs
have been rened their designs and fabrication technologies. Although, for some
kind of MOFs there is room to be improved, nowadays MOFs are very practical
optical devices. Indeed, MOFs are applied to a number of usages. For example,
the hollow core PBGF is used for spectroscopy and sensing by lling gas in the
hollow core [70]. Because of guiding light in air with low overlap with the silica,
the ber also can be used for high peak power pulse delivery [71]. SC-PBGF can
be used for spectral ltering [72]. The index-guiding PCF also used for core area
scaling [73].
3.2 Photonic crystal ber
The example of PCF has been shown in Figure 3.1(a). The ber includes air holes
in the cladding. When the air hole diameter is d and the center to center spacing











This air-lling fraction plays important role in PCF.
The waveguide mechanism of PCF is TIR which is the most basic light con-
nement and well explained in many text books, e.g. [74].
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3.2.1 Endlessly single-mode guiding
In general a step-index ber the eective index of a core mode neff satises
n1 < neff < n2; (3.2)
where n1 and n2 are the refractive index of clad and core, respectively. neff is
related to the propagation constant  which is the longitudinal component of the
wavevector and neff = =k0. k0 = 2= is the magnitude of the wavevector in




 n2   n1
n2
: (3.3)
When neff < n2, the mode will be radiation mode which is no more conned
in the core. neff = n2 is the cuto of the mode. If n
m
eff is the eective index of
mth order mode, where m is positive integer, it all ways satises nmeff > n
m+1
eff .
When we reduce  the mode disappears from the higher order mode. Eventually,
the ber will guide only one fundamental mode. The number of mode guided in
the core is governed by a normalized frequency V , which is dened by
V = k0a
q








where a is the core radius. In the case of multimode bers the number of modes
M is approximated as M  V 2=2 [75]. In the case of single-mode ber, V < 2:4.
Since, V parameter depends on wavelength. For example, a step index ber which
is single mode at 1000 nm is typically not single mode at 600 nm.
On the other hand, in the case of PCF, the ber can guide only one mode over





n2co   n2eff ; (3.5)
where nco = nsilica is refractive index of the core region and neff is the eective
index of the cladding mode [67]. The point is that neff is not a constant but
it varies with respect to wavelength. For conventional step-index bers, the ber
become multimode at short wavelength. However, in the case of PCFs when ! 0,
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the cladding mode is excluded from the air hole and localized at silica [67], which
means neff comes closer to ncore. As the result, Veff can be in almost invariant to
wavelength. On the other hand, for !1, the cladding mode spread over whole
cladding area including air holes and neff depends on the air-lling fraction F .
The single-mode cuto is V ceff =  [76]. For d= < 4.06 [77] or 4.5 [78], the
cuto condition is always satised and the PCF guides only one mode despite of





3.2.2 Large mode area PCF
From the denition of V parameter Eq. (3.4), in order to scale core size a and
preserve single mode guidance, NA must be very small. However, it is dicult to
control n < 10 3 with current fabrication techniques, e.g. modied chemical va-
por deposition (MCVD) technique. NA is limited to 0.06 with current techniques.
According to the context a core diameter of <20 m is the maximum with the
diraction limited beam quality at 1 m.
On the other hand it is possible by PCF format, because the NA can be con-
trolled by F . Typically, for the core scaling multiple air holes are omitted for
composing defect core. However, with very small index step the ber become
weaker to bending. Currently, a core diameter of as high as 135 m has been
reported by a PCF format and rod type ber conguration [79].
3.3 Photonic bandgap ber
The uniqueness of PBGF is the light connement in a low index material that is
based on anti-resonant reection [80{83]. The waveguide based on antiresonant
reection is called antiresonant reection optical waveguide (ARROW). The ex-
ample of PBGF has already been shown in Figure 3.1. The bright regions are high
index regions. The structure of the cladding causes is a photonic bandgap for light
at certain wavelengths. As the result, the light is conned in the core which exists
as the defect of the structure. The core mode is so called defect mode.
The defect mode only appears at limited wavelength regions. Therefore, PBGF
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is also used as spectral lter [38, 72, 84]. The defect mode also shows very large
waveguide dispersion [85,86]. Thus, PBGFs can be use for dispersion compensation
for ultra-short pulse generation [86].
3.3.1 Antiresonant reection
The Figure 3.2 shows a light incidence into a high index layer. The layer has a
thickness of d and a refractive index of n2. The reective index of the outer is n1
and n1 < n2. When light is incident into the layer at an angle of , the diraction
angle ' is derived from Snell's law as n1 sin  = n2 sin'. The beam is divided into
two directions: the reected and diracted directions. The optical pass dierence
L between two beams is expressed by OA+AB in Figure 3.2. L is derived as
L = n2(OA+ AB) = 2n2d cos': (3.7)
The phase dierence  is then given by
 = k0L = 2k0n2d cos'; (3.8)
If  = (2m+ 1), the light in direction R become maximum (reection), where
1 account for the  phase shift on the boundary which includes point O. m is the
positive integer. On the other hand, if  = 2m, the reected signal is minimum.
The beam will transmit through the layer. From these, the anti-resonant condition
is given by
k0n2d cos' = k0d
q
n22   n21 = (m+ 1=2); (3.9)
and the resonant condition is given by
k0n2d cos' = k0d
q
n22   n21 = m; (3.10)
by using   =2.
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Figure 3.2: Incidence of light into a high index layer.
3.3.2 Spectral property
Illustrations of a step index ber and a PBGF are shown in Figure 3.3. The step
index ber (a) has one high index core in the center. The eective index of all core
modes is higher index than the cladding index nlo. In the case of the PBGF (b),
there are many high index rods in the cladding which surround the defect core.
The eective index of the cladding is higher than that of the core. Therefore, the
mode guided in the core has lower index than that of the cladding. It is clear that
the individual high index rod guides its own modes which have higher indices than
nlo.
In Figure 3.4, picture of end-illuminated PBGF is shown. The bright regions
are high index rods. In the high index rods on the upper left, some specic modes
can be seen. The space in between the rods is silica background where no light
is guided. The core is the region where sandwiched by two dark areas where the
refractive index is lower than silica. The weak core mode is seen, while no light is
guided in other silica region. The weaker light of the core is because the core only
guides light for several limited wavelength regions.





n2hi   n2lo: (3.11)
The equation shows that in PBGF the resonant condition is opposite to the case
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Figure 3.3: Illustration of (a) step index ber and (b) PBGF for the ber struc-





Figure 3.4: Microscope image of end-illuminated PBGF by ash light.






n2hi   n2lo: (3.12)
Because of the ARROW nature the wavelengths only depend on the property of
individual rod rather than the arrangement of the rods [83,87]. The arrangement
only aects the connement loss of the core mode [82].
In Figure 3.5, the transmission spectrum of 24 mm long PBGF is shown. The
calculated wavelengths of the transmission minimum using Eq. 3.12 are indicated
by red lines. The high index rod diameter is 8.3 m and the indices are nhi = 1:4803
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Figure 3.5: Normalized transmission spectrum of a 24 mm long PBGF. The
red lines show the mth order transmission minimum calculated by using ARROW
model.
and nlo = 1:4803. In actual ber, the high index rod which is typically has a











where p is graded prole parameter. If p = 2, the V parameter VGI of a graded
index rod is reduced from the V parameter VSI of a step index rod by a factor ofp





(n2hi   n2lo)=2: (3.14)











By allowing small deviation, the wavelength of transmission minimum calculated
from Eq. (3.15) shows good correspondence with the measured spectrum in Figure
3.5. The deviation might be caused by index prole dierence between Eq. (3.13)
with p = 2 and that of the actual ber.
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3.3.3 Photonic band plot
Photonic density plot gives important information which is useful for designing
of a PBGF. For example, the bandgap position in frequency domain, bandgap
(transmission band) width and sensitivity of bands against bending [89]. It is a
plot of all dispersion curves (relation ship between propagation constant  and
frequency ) of all modes that exist in the ber. However, the calculation of an
accurate photonic density plot requires solving a vector wave equation for the ber
structure that is very complicate in the case of PBGF.
According to the ARROW model, the spectral property of the PBGF is deter-
mined by an individual rod [83]. An approximate band plot obtained by analyzing
an unit cell that contains one high index rod in the center was proposed [90]. Since
the index dierence of each rod is 2% ( = 0:022 1) for PBGFs used in this
thesis, we can apply the weak waveguide approximation [75,90], which can simplify
the problem and reduce computing time dramatically. The scaler wave equation







 (x; y) +

k20n
2(x; y)  2 (x; y) = 0; (3.16)
where  (x; y) is eld distribution. This equation was solved by a frequency domain
nite element method (FEM) using a commercial software, COMSOL [92].
The unit cell of the triangle lattice structured PBGF shown in Figure 3.3(b)













Figure 3.6: Illustration of the refractive index changes and the mode coupling
between core mode and cladding mode for the case of (a) step index ber and (b)
PBGF.
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Figure 3.7: Calculated photonic band plot of a PBGF with  = 10:1 m, d= =
0:82, nhi = 1:4803, and nlo = 1:447. These values are typical parameters for
PBGFs used in this thesis.
The one dimensional index prole is shown in gure 3.6(b). The graded prole
parameter of 1.8 was obtained from a preform of high index rod.
The photonic band plot calculated from the aforementioned unit cell is shown in
Figure 3.7. V parameter was calculated using Eq. (3.14) and V  k0NAGI . Two
boundary conditions were applied to solve Eq. (3.16). One is d =ds = 0 which
corresponds to the condition for the top of photonic bands. The other is  = 0
which corresponds to the condition for the bottom of photonic bands [90]. The
wavelength dependence of refractive index was neglected, which is valid because
of the very small inuence of it [89]. The gray region in the gure corresponds
to photonic band. A photonic band is composed of numerous supermodes of high
index rods. The green region are photonic bandgap. Like shown in Figure 3.4, the
core mode is guided in the silica region and exists in the photonic bandgap. The
eective index of a core mode is lower than cuto line (nlo) of high index rod.
3.3.4 Bend loss
In conventional ber, a conned core mode can be a radiation mode when the
ber is bent. This is explained by mode coupling with a cladding mode. Mode
coupling occurs between two modes when they have the same eective index. In
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Inside of bend Outside of bendInside of bend
Figure 3.8: Illustration of the refractive index changes and the mode coupling
between core mode and cladding mode for the case of (a) step index ber and (b)
PBGF.
the case of a straight ber the mode coupling between the core and cladding modes
does not occur because neff > nclad. The index prole is shown in Figure 3.8(a).
However, in the case of a bent ber the mode coupling condition can be fullled.
The bent ber can be treated as a straight ber with a modied refractive index
prole represented by [93,94]







where n(x; y) is refractive index prole of the straight ber, x is the linear coor-
dinate and R is the bend radius. In the inside of the bend the refractive index
decreases, while in the outside of bend the it rises. Therefore, in the outside of the
bend the core mode can couple to cladding modes.
On the other hand in the case of PBGF, the core mode exists in PBG that
is formed by two photonic bands (PBs). The modication of refractive index in
PBGF by bending is shown in Figure 3.8(b). Because of the upper PB, mode
coupling can occur not only in the outside of the bend but also in the inside of
the bend. The upper PB and lower PB correspond to the long wavelength cuto
and the short wavelength cuto, respectively (see Figure 3.7). Therefore, short
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wavelength light is radiated to outside of the bend, while long wavelength light is
radiated to the inside of bend.
3.4 High-NA airclad structure
Double clad ber is one of key technologies for the high-power ber lasers and am-
pliers. The double cladding structure allows an ecient pumping by low-cost and
high-power multimode LD [95]. For most conventional double clad bers, the NA
of the inner cladding is determined by index dierence between the silica and the
low index polymer coating. However, for some ber formats high-NA is preferred.
For example, Yb-doped SC-PBGF requires high-NA of inner cladding because the
inner cladding contains high index inclusions which can prevent ecient pump
absorption of the core by trapping light in there.
High-NA can be obtained with an airclad structure. An airclad is composed of
air holes arranged in a ring. Because of the large index gap between air and silica,
high NA is possible. Examples of airclad are shown in Figure 3.9. In Figure 3.9(a)
a ber cross section with airclad is illustrated. Figure 3.9(b) shows a microscope
image of airclad. The inner cladding is suspended by thin silica webs in between
two air holes. The NA of inner cladding mainly depends on the thickness of the
glass web  (shown in Figure 3.9), when the thickness of the air hole is suciently
thick in comparison with the wavelength order [96]. A very high NA of 0.9 can be
achieved by the very ne glass webs was suggested in [97] in comparison with that
the highest NA which can be obtained by a polymer coating is less than 0.48.
Moreover, a robust high power pumping is possible with an air cladding struc-
ture. Double clad ber with low index polymer coating is not suitable for high
power pumping, because the durability of the polymer coating is not so high. The
melting temperature is much lower than that of the silica. Thus the coating can
cause the limitation of pump power. On the other hand, The air clad is embedded
in silica background and surrounded by silica. There is no pump light which inter-
act with low durability polymer coating on the outer silica boundary. Therefore,
high-power pumping is possible.
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Figure 3.9: (a) Illustration of a MOF with airclad. (b) Microscope image of the
airclad structure of the PBGF used in this thesis.
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1178 nm high-power single-frequency ber
Raman ampliers
This chapter will present the development of high-power single-frequency ber
Raman amplier (FRA). There are three topics: Brillouin gain spectrum (BGS)
measurement and development of high-power single-frequency ber Raman am-
plier (FRA). At rst, the 1178 nm single-frequency seed source is presented. In
the next section, the measurement of BGS of several commercial SM ber at 1
m is presented. BGSs were measured in order to use for the design of FRA. The
test bers include both polarization maintaining (PM) and non-PM bers. In the
third section the development of FRA is presented.
4.1 Seed source
The seed source of ber Raman amplier was a semiconductor laser which is
based on an external cavity conguration. The external cavity laser diode (ECLD)
generally oers output properties of a narrow linewidth and a wide tunability [32].
The cavity using semiconductor gain chip can be very short, which causes large
spacing between two adjoining cavity modes. Furthermore, typically a wavelength
selective devise, e.g. diraction grating, is used in the cavity. The single-frequency
















Figure 4.1: Schematics of the ECLD. (a) The top view and (b) the side view.
The state of polarization (SOP) is shown by an arrow. /2 plate is inserted to
rotate the SOP by 90.
4.1.1 Cavity conguration
Figure 4.1(a) and 4.1(b) show the top view and side view of the ECLD, respectively.
The lase cavity was constructed by the end facet on the right hand side of the gain
chip and a diraction grating. The groove number of the grating is 1600 lines/mm.
The grating is placed with a Littrow condition [98, 99]. The zero order diracted
light was loosed, while the rst order diracted beam was returned to the gain
chip. The raised angle  of grating is determined by the grating equation as [74]
 = 90  sin 1(N=2) = 19:5, where N is the groove number and the wavelength
 is 1178 nm. The gain chip has a curved waveguide thus the output on the left
hand side is angled. The angle between the normal of the end facet is 17 degree.
A pair of high NA lenses was used for collimating the outputs from both facets
because for the large divergence angle from the emitter of the gain chip. The focal
length of the lens on the left hand side and on the right hand side are 8 mm and
4.51 mm, and the NA of the lens on the left hand side and on the right hand side
are 0.5 and 0.55, respectively. Since the diraction eciency and the resolution
become higher as more number of grooves included in the beam spot, therefore the
grating was set upward. In this case the fast axis of the emitter is orthogonal to
grooves of the grating. The /2 plate was used to rotate the polarization state by
90 degree thus the diraction eciency is the maximized. The linewidth (FWHM)
of the cavity due to the grating is given by  = wfast sin =fN [100], where wfast
emitter size on the fast axis, f is the focal length of the collimate lens, N is the
number of grooves in unit length. The emitter size is 0.4 m thus the linewidth is
0.01 nm. The cavity length is 4 (chip)+26 (free space) mm. The optical length is
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40.5 mm, using the refractive index of 3.6 in the gain chip. Thus the free spectral
range (FSR) is 3.7 GHz. The corresponding wavelength is 0.017 nm. Therefore
the linewidth is smaller than the FSR.
4.1.2 InAs/GaAs quantum-dot based gain chip
The gain chip based on quantum-dot structure from Innolume was used. The chip
was composed of InAs and GaAs. The quantum-dot structure was employed to
shift the gain band to 1178 nm. The chip is very compact with the size of 34 mm.
Since, the gain chip is supposed to incorporated with an external-cavity, the lasing
by the chip itself must to be inhibited. The both facets are anti-reection (AR)
coated. Moreover the waveguide of the chip was arranged in a curved structure,
which causes a glancing output at one chip facet. As the result, the reectivity of
around 10 5 can be obtained at the angled output facet. The reectivity of the
other facet is only is 510 3. The each facet has divergence angle of 38 and
7 on the fast axis (perpendicular to p-n junction) and the slow axis (parallel to
p-n junction), respectively. The emitter size measured by near eld imaging of the
slanted facet was 0.41.3 m for the fast axis and the slow axis, respectively.
The output properties measured at the slanted facet are shown in Figure 4.2.
There was very weak power from the normal facet. The output power as high as 115















































Figure 4.2: Output properties obtained at slanted facet: (a) output power as a
function of current, a linear tting showing the threshold current of 460 mA and
(b) spectra for dierent currents.
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4.1. Seed source
spontaneous emission spectra at dierent currents are shown in Figure 4.2(b). The
spectrum peak shifted to a shorter wavelength with increasing the current. It was
caused by the excitation of a higher order discrete state. The broad continuous
spectrum was the consequence of the random size of the quantum dots.
4.1.3 Output of ECLD
The output power property is shown in Figure 4.3(a). The maximum output power
of 150 mW in single-frequency at the LD current around 400 mA was obtained.
The single-frequency operation can also be obtained at a higher LD current but
the stability was suered from the occurrence of the mode-hopping. The mode-
hopping is caused by thermal uctuations therefore which occurs more frequency
at high current region. Therefore the ECLD was mostly operated the current
around 300-400 mA. The output of the ECLD without the =2 plate used for the
polarization compensation is shown in blue dots. The output power was much
lower than that of ECLD with the half wave-plate. Obviously the loss in the
cavity become higher due to the lowered feedback from the grating, therefore the
threshold became higher without the =2 plate. For the ECLD with the half wave-
plate. The laser spectrum is shown in Figure 4.3(b). The spectra were obtained
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Figure 4.3: (a) Output power as function of current, the output power of the
case using the /2 plate (red) and without using the /2 plate are compared. (b)
Output spectrum property measured by OSA with the resolution of 0.02 nm for
dierent currents.
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wavelength was obtained with a higher LD current. The spectrum at 78 mA is the
spectrum at laser threshold.
The linewidth (FWHM) as a function of current is shown in Figure 4.4. The
linewidth was measured by using a delayed self-heterodyne interferometer [101].
The interferometer is composed of a 200 MHz acousto-optical modulator (AOM)
which was used as the frequency shifter. A 2 km single-mode (SM) ber was used
as the delay ber. The resolution of the interferometer is therefore obtained from
the relation  = c=2nLfiber to be 100 kHz. n is speed of light, n is refractive
index of silica, and L is the length of delay ber. The linewidth was increased with
increment of the LD current. The linewidth around 100 kHz is resolution limit





















Figure 4.4: Linewidth of the ECLD output as a function of LD current measured
by a delayed self-heterodyne interferometer. The delay length is 2 km and thus
the resolution is about 100 kHz.
4.2 1120 nm high-brightness pump source for 1178 nm FRA
Since Raman gain depends on the intensity of the pump signal, a high brightness
pump source is required FRA. For 1178 nm amplication 1120 nm pump source
is needed. An Yb-doped ber laser (YDFL) was developed for the usage as the
pump of FRAs. Because of the smaller emission cross section at 1120 nm compared
with the shorter wavelength, the cavity should arranged with a slightly higher
connement to suppress ASE. The development of the 1120 nm YDFL is presented.
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4.2.1 Setup
The conguration of the YDFL is shown in Figure 4.5. The gain ber was pumped
by four 30 W pump LDs. The LD outputs were combined by use of a (6+1)+1
combiner from Gooch&Housego. The total pump power was 120 W. The combiner
was placed in a copper heat sink which was cooled by water cooling. The splice
point between the combiner output and the gain ber was uncoated but sealed in
a metal tube in order to protect the splice point. The gain ber was a double clad
Yb-doped ber with the core and clad diameter of 5 m and 130 m, respectively.
The cladding absorption of the gain ber is 1.7 dB/m. The high reector (HR:
R=99.9%) was spliced to the input port of the combiner. The output coupler
(OC: R=15%) was spliced to the gain ber. The wavelengths of the FBGs are
1120 nm. At this splice point, graphite sheets were used to remove the unused
cladding pump light. The splice point without coating was sandwiched between
two graphite sheets which absorbs the cladding mode and spreads the heat. The
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Figure 4.5: Schematic of the 1120 nm YDFL. The splicing point of combiner and
the Yb ber was held in air in a metal tube. A cladding mode remover (CMR) by
using graphite was used for handling the residual pump. The reectivity of HR-
FBG is 99.9% and OC-FBG is 15%. HR: High reector OC: output coupler
4.2.2 Output
In Figure 4.6 the output power of YDFL is shown. The maximum output power
was 58 W. The change of the output slope was caused by the wavelength shift
of the pump LDs. At low pump power, the LD temperature is low and thus the
initial wavelength is shorter than 975 nm absorption peak. But in the middle
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pump power heating up of the LD cause wavelength shift to longer wavelength.
Therefore the absorbed pump power become higher, which increased the gain. The
optical to optical eciency was about 50% which is not high for a YDFL. Typically
80% can be achieved. This is because of the large quantum defect between 975







where E = hp   hL and p and lambdaL are the pump and laser wavelengths,
respectively. In the the case of this YDFL, the quantum defect is 0.13. In the case
of 1064 nm the quantum defect is 0.08.
In Figure 4.7(a) the output spectra of the YDFL are shown at dierent output
power. The spectral width was broadened with the increment of output power
mainly due to four wave mixing (FWM). Figure 4.7(b) shows a broad range spec-
trum at the maximum output power. There was no ASE at shorter wavelength.
The SNR was about 35 dB.
The higher power the pump source is, the higher Raman gain can be obtained.
Further output power of the pump source is always desired. However, the handling
















Figure 4.6: Output power as a function of pump power.
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Figure 4.7: (a) Output spectra of YDFL. (b) Broad range spectrum at the output
power of 58 W.
4.3 FRA with the hybrid Raman ber conguration
This section presents a simple SBS mitigation technique for the FRA. We used this
method to improve the output power of a non-PM FRA. In the case of non-PM,
the Brillouin gain is reduced by a factor of 2/3 [15]. In order to mitigate SBS two
dierent bers with dierent dope materials was used as the Raman ber, so called
hybrid Raman ber conguration. The SBS mitigation was achieved by dierent
acoustic velocities in the two bers.
4.3.1 Basic concept
The SBS mitigation by changing acoustic speed is a popular method. The acoustic
velocity can be changed by changing the temperature [102, 103], stress [104], and
dopant of the ber [105]. By dividing the ber into multiple segments and changing
acoustic speed at each segment, we can divide the Brillouin gain to multiple discrete
Brillouin shift frequencies. Thus, the BGS shows multiple peaks and the peak
value is reduced by a factor corresponding to the number of the segments. In
literatures the SBS mitigation by applying a temperature distribution [106] and a
strain distribution [107,108] have been reported for the power scaling of high-power
single-frequency FRA. Those methods showed good successes in SBS mitigation.
However, they require complicated setup to apply the temperature and strain
distributions. Since one of the most remarkable characteristics of the optical ber is
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that optical bers can be connected by splicing, bers with dierent dope materials
which inherently have dierent acoustic velocities can be used for SBS mitigation.
This method does not require any complicated process but can be done only by
easy splicing. Each spliced ber can be considered as an individual FRA and which
is isolated from other FRAs, because the SBS Stokes signal from one ber cannot
be the seed of other bers due to the dierent Brillouin shift frequencies.
4.3.2 Experimental setup
The schematic of FRA with a hybrid Raman ber conguration using two dierent
bers is shown in Figure 4.8. The seed source was the ECLD developed in section
4.1. The seed light from ECLD was coupled into a SM ber at 1m region through
two free space isolators for a sucient isolation of the backward signal. Between
this two isolators a half wave-plate (HWP) was inverted. The high-power isolator
was also used as reference of the backward power. An anamorphic-prism pair was
used for beam shaping of the ECLD output. The beam width of the slow axis of
the ECLD output was expanded by a factor of 3. Two 1120/1178 nm wavelength
division multiplexers (WDMs) were used to remove the residual pump light at the
input of the FRA. The FRA was arranged in counter pumping conguration and
core pumped by an 1120 nm Yb-doped ber laser. The pump was combined by
using the 1120/1178 nm WDM. All ber ends had an angled facet.
The Raman ber was composed of two dierent bers. The bers were simply
spliced to each other. The rst ber was a 130 m P908TT which is a phosphosili-
cate ber and the second ber was a 14 m HI1060 which is a germanosilicate ber.
The bers was chosen by comparing the Brillouin gain spectrum (BGS) within
three bers. The BGSs were measured by use of a pump-probe method presented
in the next section. The ber lengths were optimized experimentally.
4.3.3 BGS measurement of the Raman bers
BGS of three Raman bers were measured by use of pump-probe method [64,109]
at 1178 nm. BGS includes important parameters, such as Brillouin gain coecient,
Brillouin shift frequency, and Brillouin gain bandwidth. These parameters are
useful for designing of single-frequency FRA.
The pump-probe method utilizes two counter propagating pump and probe
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Figure 4.8: Experimental setup of the FRA based on the hybrid Raman ber
conguration. HWP: half wave-plate, FR: Faraday rotator, PBS: polarization
beam splitter.
signals to determine the Brillouin gain coecient at each Brillouin shift frequency.
The pump and probe are incident into a test ber (FUT) from each dierent end
respectively. The weak probe signal is amplied by the strong pump through
SBS when the relative frequency dierence  corresponds to the Brillouin shift
frequency of the FUT. The ber length of the FUT is L. The output probe power
Pp(; L) is given by







where Pp(; 0) is the incident probe power into the FUT and Leff is the eective
length dened in Eq. (2.29). When  =  0 is a frequency at the outside of the
BGS, the Brillouin gain coecient gB(
0) falls to zero. The output probe power is
given by
Pp(
0; L) = Pp( 0; 0) exp( L): (4.3)
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Because of using the increasing ratio of the output probe power, the losses in the
measurement setup can be neglected. Since, Aao is very dicult to be obtained,








and used for the characterization of the bers.
Measurement setup
The experimental setup is shown in Figure 4.9. Two 1178 nm ECLDs were used for
the measurement. The pump ECLD was once amplied by an FRA. The probe
ECLD was designed dierently from the pump ECLD. It has a mode-hop free
conguration [110{112]. Because of the mode-hope free conguration the probe
ECLD has > 4 GHz sweep range without occurrence of mode-hopping, while the
free spectral rage of the cavity is 2.7 GHz. The probe ECLD was used at the out-
put power of 0.4 mW and the linewidth was 190 kHz. The linewidth and sweeping
range are suciently narrow and wide to measure the BGS of optical bers. Two
free-space isolators were used to protect the probe ECLD. The second isolator was
used for referencing the polarization state of the residual pump light. For minimiz-
ing the power at the polarization monitor the polarization controller was adjusted.
When this power is suciently lower than the total residual power, the polariza-
tion state at the beam splitter can be considered to linear polarization. Thus,
the polarization state of the counter propagating pump and probe are matched at
this position. Then, the polarization factor fp is 2/3 [15]. The relative frequency
between the pump and probe signals was obtained by a beat measurement using
a high speed photo diode (< 16 GHz).
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Figure 4.9: Schematic of the BGS measurement based on two ECLDs pump-
probe method.
Brillouin gain spectrum
BGS of three FUTs were measured: (1) a 50 m 1060XP ber; (2) a 50 m HI1060
ber; and (3) a 75 m P908TT ber. These bers are non-PM and single-mode (SM)
around 1 m. 1060XP and HI1060 ber have germanium doped cores. P908TT
ber has a phosphor doped core. Since the acoustic velocity depends on the doped
material [105], the BGS of the ber with dierent doped materials were considered
to be dierent. The parameters of the FUTs are summarized in Table 4.1.
The voltage signal that corresponds to the output probe power and the beat
frequency were acquired simultaneously by using a LabVIEW program. The ac-
quired voltage signals with respect to the BGS of the three bers for dierent
pump power are shown in Figure 4.10. In contrast to other bers only HI1060
shows multiple peaks.
The Brillouin gain spectra of these three bers are shown in Figure 4.11(a).
From Eq. (4.4), the BGS was derived. The Brillouin gain fpCBPp as a function
of frequency  is shown. The solid curves correspond to tting curves by Lorentz
function. Since the ber length was short the signal reduction due to the ber loss
is negligible. Thus Leff  L is used. The launched pump power was measured
by cut-backing. Figure 4.11(b) show the the Brillouin gain and linewidth versus
pump power. The peak value of BGS fpCB(B)Pp and linewidth obtained via the
curve tting are shown as a function of pump power. From the slope, the eective
Brillouin gain fpCB was obtained.
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Figure 4.10: Voltage signal traces relative to BGS measured at power meter
output for (a) 1060XP, (b) HI1060 (normalized), and (c) P908TT.
For 1060 XP ber, fpCB was obtained to be 0.28 m
 1W 1. The gure shows
no almost relationship between the linewidth of BGS with the pump power. The
linewidth around 40 MHz was found. The Brillouin shift frequency B is 14.225
GHz. Since the polarization fp is 2/3, the eective Brillouin gain coecient CB(B)
is 0.42 m 1W 1.
For HI1060 ber, the curve t using a two peaks Lorentz function was carried
out. The BGS of HI1060 measured at 1534 nm has been reported in literature [57].
By comparing the spectra, there is apparent dierence between the spectra. There
are only two apparent peaks on our BGS, while three peaks were reported in the
literature. The dierence might be due to the dierent measurement wavelengths.
fpCB can be obtained to be 0.16 m
 1W 1 and 0.028 m 1W 1 for the main peak and
second peak, respectively. The Brillouin frequencies are 14.266 GHz and 14.374
GHz, respectively. From fp = 2=3, the eective Brillouin gain coecient CB is
obtained to be 0.24 m 1W 1 for the rst peak and 0.042 m 1W 1 for the second
peak. The linewidth of the rst peak is around 46 MHz. For the second peak an
exact value is dicult to determine.
Because of the same doping material and similar doping concentration (ex-
pected from the similar NA and core size), the BGS of 1060XP and HI1060 appear
at a similar frequency around 14.25 GHz and thus there is overlap of the BGS.
The linewidths of the BGS of the bers for the main peaks are also similar, which
denotes the similar lifetime of acoustic modes in both bers. The acoustic lifetime
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can be estimated to 4 ns using B = 1=(2B).
The Brillouin shift frequency of this phosphosilicate ber is slightly high in
comparison with the two germanosilicate bers, which indicates faster acoustic
velocity in the phosphosilicate ber. The Brillouin shift frequency and the gain
bandwidth were obtained to be 13.320 GHz and 63 MHz, respectively. fpCB was
0.18 m 1W 1. CB was 0.27 m 1W 1 by using the fp of 2/3. These parameters
are summarized in Table 4.1.
Table 4.1: Parameters of FUT
Fiber name 1060XP HI1060 P908TT
Core diameter (m) 5.8 5.3 6.1
NA 0.14 0.14 0.11
Cuto (nm) 92030 92050 1050
MFD at 1178 nm (m) 6.9 6.8 8.6
Loss at 1064 nm (dB/km) 1.5 1.5 1.84
Doped material Ge Ge P
Fiber length as FUT (m) 50 50 75
Brillouin shift frequency at 1178 nm (GHz) 14.225 14.266 (1)/14.374 (2) 13.320
Brillouin gain CB (m
 1W 1) 0.42 0.24 (1)/0.042 (2) 0.27
Brillouin gain bandwidth (MHz) 40 46 (1) 63
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Figure 4.11: (a) Brillouin gain spectra and (b) Brillouin gain (red) and linewidth
(blue) versus pump power of three dierent test bers.
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4.3.4 Experimental results
The ber length of the rst Raman ber was optimized by a cut-backing. The
optimum ber length is determined by SBS threshold.. The rst Raman ber was
P908TT ber. The ber was shortened from 150 m by every 10 m. The maximum
output power of 2.5 W was obtained when the ber length was 130 m. The output
power obtained by dierent ber lengths are shown in Figure 4.12. In the case of
the 140 m and 150 m bers, apparent roll o from the exponential curves were
obtained.
In the hybrid Raman ber conguration, a secondary ber (HI1060 ber) was
spliced to the 130 m P908TT ber. The ber length of the secondary ber was
demonstrated by cut-backing as well as the rst ber. The ber was shortened
with a step of 1 m. The output power at each ber length was shown in Figure
4.13(a). The backward power is shown in Figure 4.13. The maximum output
power of 4.6 W was obtained with the 15 m ber. Then the backward power was
slightly high. Eventually the ber was shortened to 14 m. The output power was
4.4 W. The backward power was reduced from 220 mW to 40 mW.
The output was 1.8 times higher than that of the FRA using only P908TT ber.
This hybrid Raman ber conguration is a very simple method. SBS suppression
can be obtained only by ber splicing. By this hybrid Raman ber conguration
further power scaling is possible, if one utilizes many bers that have dierent
Brillouin shift frequencies.
This requires of ber fabrication technology, because most commercial bers
are germanosilicate ber with few varieties of acoustic velocity. Moreover, tun-
ning the refractive index and acoustic index simultaneously might be technically
a challenging subject.
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Figure 4.13: Output power versus pump power of the FRA for (a) forward and
(b) backward. Eventually, the 14 m ber was determined to be the optimum ber
length.
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4.4 FRA with SBS mitigation by strain distribution
In the section of the hybrid Raman ber conguration, the SBS mitigation by
changing the acoustic speed in incremental steps is presented. In that experiment
the step number was only two. There are no so many bers with dierent doped
materials in commercial bers. In this section we present the SBS mitigation by
applying a tension distributed in the Raman ber. The merit of this method is
many number of segments can be generated, while the number is limited by the
strength of the optical ber and linewidth of the BGS.
4.4.1 BGS measurement of the PM Raman ber
The BGS of PM980-XP was measured by use of a pump-probe method which is
dierent from the setup presented in Section 4.3.3. In this measurement, only one
light source was used and the BGS was measured at 1064 nm. The pump and
probe signals were separated from one beam and the probe was frequency shifted
by electro-optical modulator (EOM). By using a single light source, the relative
frequency between the pump and signal can be more stable in comparison with
using two ECLDs. Moreover the wavelength at 1064 nm made the development of
the setup much easier, because the gain of Yb ber is high at 1064 nm.
The wavelength of 1064 nm is dierent from the wavelength of the FRA at
1178 nm, which is not a problem. Brillouin gain is independent of the pump
wavelength but Brillouin gain bandwidth can be considered to be proportional to
 2 [15]. However, only the peak gain of BGS is important to determine SBS in
the FRA, because the linewidth of the FRA is much narrow in comparison with
typical Brillouin gain bandwidth of optical bers.
Experimental setup
The experimental setup is shown in Figure 4.14. A Nd:YAG non-planer ring
oscillator at 1064 nm was used as the light source. The power of 5 mW was
coupled into the setup composed of all PM components. The signal was amplied
by the rst stage YDFA. The output power of the rst stage amplier was about
100 mW. Then the signal was divided by using a 10 dB tap coupler into the pump
and probe signals by a ratio of 9:1, respectively. The pump signal was amplied
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Figure 4.14: Schematic of BGS measurement at 1064 nm. The seed source is
a Nd:YAG ring laser. The probe is generated by EOM as a sideband around
Brillouin shift frequency (15 GHz).
by second YDFA. After the amplication the maximum pump power was 5 W.
A EOM was used to apply a phase modulation to the probe signal. EOM was
directly driven by a synthesizer. The bandwidth of EOM is 20 GHz and the 
phase shift voltage is 2.5 V at 1 GHz. The signal was reected by a 1064 nm FBG
to remove unwanted sideband by use of a circulator. The both pump and probe
signals after passing through the FUT were obtained at circulators.
Brillouin amplication of the sidebands
The circulator connected with 1064 nm FBG was used to remove the unwanted
sidebands especially for the +1 order sideband which interacts with pump signal.
The normalized spectrum of the modulated probe signal is shown in Figure 4.15(a).
Up to third order sidebands were obtained. The probe power Pout at the FUT
output is given by
Pout(mod; L) = PHO(L) + P 1SB(0) exp (CB(mod)Pp(L)Leff   L) (4.6)
+P+1SB(0) exp ( CB(mod)Pp(L)Leff   L) ;
= PHO(L) + 2PSB(0) exp( L) cosh(CB(mod)Pp(P )Leff ); (4.7)
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Figure 4.15: Spectrum of (a) the probe signal modulated by EOM and (b) the
amplied probe signal by Brillouin gain in FUT.
where PHO(L) (= PHO(0L exp( L)) corresponds to the total power of all higher
order modes (2 and 3) which do not interact with the pump signal, P 1SB
and P+1SB respectively account for the power of the -1st order sideband and the
+1st order sidebands, CB is the eective Brillouin gain coecient dened by Eq.
2.37, Pp(L) is the launched pump power, Leff is the eective ber length dened
by Eq. (2.29),  is the loss of the ber and L is the ber length of FUT. The
second equation was derived from PSB = P+1SB = P 1SB. The equation is also
valid in [109]. When the modulation frequency mod equals to the Brillouin shift
frequency B of the FUT, the probe signal is amplied by Brillouin gain. The
probe signal spectrum is shown in Figure 4.15(b) for B = mod. The -1st order
was amplied, while the +1st order was attenuated. This is because the +1 order
sideband was used for pumping the pump signal.
By removing the +1st order sideband, the third term on the right hand side of
Eq. (4.6) can be thrown out. Thus, the probe signal out of FUT can be simplied
to
Pout = PHO + P 1SB exp (CBPpLeff   L) : (4.8)



















































Figure 4.16: Spectrum of (a) the reected probe signal by FBG and (b) the
probe signal passing through the FBG.
The loss was approximate to zero, because it is very low and the ber of the FUT
is typically short.
The signal reected by the FBG and the signal which transmitted the FBG are
shown in Figure 4.16(a) and 4.16(b), respectively. The FBG was placed in a po-
larization controller in order to tune the wavelength by adjusting the polarization
controller for minimizing the transmission of the +1st order sideband.
Brillouin gain spectrum
The BGS of a 30m PM980-XP from Nufern was measured. The ber is a po-
larization maintaining and single mode ber at 1m region. The properties are
summarized in table 4.2.
The measured BGS of the FUT for dierent pump power are shown in Fig-
ure 4.17(a). The spectra show the presence of multiple peaks. The Brillouin shift
frequency of the main peak and the second peak are 16.87 GHz and 16.12 GHz, re-
spectively. The peak Brillouin gain CB(B)Pp and the linewidth of BGS (FWHM)
as a function of the pump power is shown in Figure 4.17(b). From the slope, the
eective Brillouin gain CB is obtained to be 0.43 m
 1W 1. The bandwidth was
63 MHz which was almost invariant (1 MHz at 63 MHz) to the pump power.
It suggest no eect of pump reduction which causes a signicant increment of Bril-
louin gain bandwidth [109]. The parameters of BGS is summarized in Table 4.2.
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Figure 4.17: (a) Brillouin gain as a function of frequency, the solid curves are
tting curves with a Lorentz function. (b) Peak Brillouin gain (red) and linewidth
of BGS (blue) plotted as a function of pump power. The FUT was PM980-XP.
Table 4.2: Property of PM980-XP
Cuto wavelength 920  50 nm
Core NA 0.12
Mode eld diameter 7.1 m at 1064 nm
Loss <2.5 dB/m at 980 nm
Beat length <2.7 mm at 980 nm
Clad diameter 125 m
Core diameter 5.5 m
Brillouin shift frequency at 1064 nm 16.87 GHz
Brillouin gain CB 0.43 m
 1W 1
Brillouin gain bandwidth 63 MHz
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4.4.2 Strain versus acoustic velocity
A linear relationship between Brillouin shift frequency and tensile strain has been
reported [104]. The tensile strain  is dened by  = L=L0, where L is the
length change and L0 is the initial length. L=L0 is related with force F by
F = EAL=L0 through Young's module E and ber cross section A [113].
In order to derive how acoustic velocity changes against the wight that applied
to a PM ber, we coiled the ber with applying tension and measured BGS by
the aforementioned BGS measurement setup. The coiling setup is shown in Figure
4.18. Tension was applied by a pulley conguration. The ber was strained by
water as weight. Two aluminum spools of the diameter 20 cm were used as ber
spool. The spools were connected by a chain ring to synchronize rotations. When
the mass of water is m, the tension is given by T = mg=2, where g is the gravity
acceleration. For xing the ber copper tape was used. No relaxation of tension
by this xing method was conrmed experimentally.
Brillouin shift frequency versus mass of water is shown in Figure 4.19. The
ber was PM980-XP. The Brillouin shift frequency is proportional to the mass of








Figure 4.18: Setup of ber bending for applying tension.
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Figure 4.19: Brillouin shift frequency versus mass of water.
4.4.3 Experimental setup
The experiment setup is shown in Figure 4.20. It was a backward pumping cong-
uration. The seed source is the ECLD. The linearly polarized output was coupled
into the PM ber. The seed power of the FRA is about 10 mW. The polarization
extinction ratio was measured to be >20 dB. The pump source is the 1120 nm
YDFL presented in Section 4.2. The pump was combined by using a 1120/1178
nm PM-WDM coupler. The maximum output power and degree of polarization
(DOP) of the pump YDFL after the PM-WDM coupler were 31 W and 0.8, respec-
tively. Because the polarization state of YDFL is almost random, the DOP after
the PM-WDM coupler is depends on the performance of each PM-WDM coupler.
Since no good isolation of the 1120 nm pump light at the PM-WDM coupler on the
left hand side of the Raman ber, a non-PM WDM coupler was used to remover
the residual pump light. The polarization controller was used for the alignment of
the polarization state of the seed signal. The Raman ber was a commercial PM
ber from Nufern (PM980-XP). SBS was monitored by use of a 20 dB tap coupler.
Figure 4.20: Setup of backward pump FRA.
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4.4.4 Optimization of the strain distribution
The strain distribution of the Raman ber was determined based on a numeral
modeling of the FRA. For optimizing the tension distribution, the signal power
at each position of the Raman ber Ps(z) is required. From Ps(z), we can derive





Ps(z) was derived numerically by solving the propagation equations given by Eq.
(2.25) and (2.26) using Runge-Kutta method and shooting method. The eective
Raman gain coecient CR ( gR=Aeff ) was obtained experimentally and was
0.0013 m 1W 1. The seed power was 5 mW. The pump power was 32 W. The
ber length was 250 m which was determined for obtaining an output power of 8
W by the pump and signal power. The calculated Ps(z) is shown in Figure 4.21
in red curve. In this calculation the eect of SBS was neglected. The calculated

























Position in Raman fiber (m)
Figure 4.21: The calculated signal power amplication (red) and tension steps
(blue). The seed and pump power were 10 mW and 31 W, respectively.
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4.4. FRA with SBS mitigation by strain distribution
The step number required for a perfect SBS mitigation was determined by the
following relation,




where [GSBS]m is the mth step and Gth = 21 is the threshold gain of SBS from
Eq. 2.35. The length of the mth segment is given by
Lm = zm+1   zm: (4.12)
Eq. 4.11 means each ber step has Brillouin gain of 60% of the threshold Brillouin
gain. at each segment must fulll the relation [GSBS]m  Gth = 21 in order to
avoid the onset of SBS. For the safety the the each step length was determined by
use of the 60% value of Gth. The length of each step is shown in Figure ?? in the
blue lines. It suggest that 9 steps of tension distribution is required to inhibit SBS
in the FRA.
According to the simulation result the tension was applied to the Raman ber
by aforementioned bending setup. The BGS of the tensioned Raman ber was
measured by the 1064 nm pump probe method presented in Section 4.4.1. The
rst step and the other steps were measured separately. After measurement the
two ber parts were spliced together. The BGS is shown in Figure 4.22. 9 steps



















4 5 6 7 89
Unstrained
Figure 4.22: BGS of the Raman ber which 9 steps strain distribution were
applied.
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4.4.5 Results
The output power as a function of launched pump power is shown in Figure 4.23(a).
The onset of SBS was obtained before that the pump power reaches limit. The
expected SBS suppression could not be obtained with the 9 steps Raman ber.
The maximum output power was about 2.5 W. The spectrum of the FRA is shown
in Figure 4.23(b). The spectra were obtained by increasing pump power gradually.
The broadened spectrum corresponds to the spectrum after the onset of SBS. Until


















































Figure 4.23: Output power property of the forward pumping FRA with the 9
steps Raman ber. (a) Output power and (b) spectrum.
Forward pumping conguration
FRA in a forward pumping conguration using the same 9 steps Raman ber was
also tried. The setup was very similar to the backward pump conguration but
slightly modied from it. The output power property is shown in Figure 4.24(a).
The output power of 15 W was obtained, while the backward power level is still
very low in comparison with the forward power. The numerical simulation was
also carried out for the forward pumping conguration as well as the backward
pumping. The simulation results are shown in Figure 4.24(b). It shows that higher
output power can be obtained in comparison with the backward pumping but in
order to inhibit SBS as many as 35 steps is required. However no onset of SBS was
obtained in the actual experiment. The reason can be explained from the property
of the output spectrum.
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Figure 4.24: Output power property of the forward pumping FRA with the 9
steps Raman ber: (a) experiment and (b) simulation. According to the simulation
result 35 steps is required for inhibit SBS in the forward pumping conguration.
The forward and backward spectra are shown in Figure 4.25(a) and 4.25(b),
respectively. From both spectra, a signicant linewidth broadening was obtained.
The linewidth broadening caused the reduction of Brillouin gain. Because, if the
laser linewidth is broader than the Brillouin gain bandwidth, the Brillouin gain is
reduced. This linewidth broadening is mainly caused by four wave mixing (FWM).
The spectra obtained at direct output of the Raman ber, hence there was no any
component to change the spectral shape of the spectrum, are shown in Figure 4.26.
The (a) is the case of coincidence of the 1120 nm pump and 1178 nm signal. The
(b) is the case of incidence of only the pump. In the gure (a) a new spectral
component at shorter wavelength was obtained. It is the idler signal which was
not obtained in the case of (b). FWM typically do not occur in the positive
dispersion region, because of no phase matching condition. However in the case
of in a strongly birefringent ber the phase matching condition can be fullled
between the fast and slow axes. Since Raman gain has cross talk between the
orthogonally polarized signals. Thus, phase matching could be achieved through
Raman scattering in PM ber [114,115].
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Figure 4.25: Spectrum of (a) forward and (b) backward output. The backward






































Figure 4.26: Output spectrum of the forward pumping FRA obtained directly
at the ber end of the Raman ber for (a) coincidence of the pump and signal
light and (b) incidence of only the pump light.
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4.5 FRA with SBS mitigation by seed linewidth broadening
Since, Brillouin gain depends on the linewidth of pump light given by Eq. (2.34).
SBS suppression is possible by broadening of the seed linewidth. Using a seed
source with employing linewidth broadening is a well known technique for high
power amplier [15, 116, 117]. From Eq. (2.34) the SBS suppression eciency is
derived as EF given by




where L is the seed linewidth. In the case of that the ber length is not suciently
long with respect to a length given by LB = c=nB, it cause a reduction SBS
suppression from the EF [118]. In this thesis, the Raman ber is enough long for
neglecting the eect of reduction. LB is only few m because of the narrow Brillouin
gain bandwidth B.
EOM can be used for the linewidth broadening. EOM generates discrete side-
bands with a equal interval, if it is driven with a sine wave. On the other hand if it
was driven with a broad band white noise, a broadened spectrum can be obtained.
This section presents a high-power FRA by seed linewidth broadening at 1178 nm.
The EOM was driven by a white Gaussian noise [118] source.
4.5.1 Experimental setup
The experimental setup is shown in Figure 4.27. The seed source is the ECLD
presented in Section 4.1. The seed was coupled to a standard 1 m PM ber. The
half wave-plate was used to couple the light in the PM axis. An inline EOM was
used for applying a random phase noise to the signal. The bandwidth and V of
EOM was 5 GHz and 5 V at 50 kHz. It was driven by a white Gaussian noise
source (WGN). The WGN source was composed of a commercial noise source and
RF amplier. The noise bandwidth was 280 MHz and the power was 29 dBm.
The RF spectra of the driver are shown in Figure 4.28 Two inline isolators were
used to protect ECLD and EOM from the back reection. SBS in the FRA was
monitored via a 20 dB tap coupler. Two 1120/1178 nm WDM couplers were used
to remove the residual pump light. The Raman ber was a 300 m PM980-XP
ber from Nufern. The pump source was the 1120 nm YDFL. The maximum
pump power was 31 W. The polarization extinction ratio (PER) was 6 dB. The
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Figure 4.27: Experimental setup of the ber Raman amplier. The seed
























Figure 4.28: RF spectrum at each component of the EOM driver: (a) noise
source (b) the rst LPF, (c) FR amplier, and (d) the second LPF.
pump was coupled usign 1120/1178 nm WDM coupler.
By applying the phase noise with the EOM, the laser spectrum linewidth
(FWHM) was broadened from 340 kHz to 780 MHz. The linewidths were ob-
tained by a delayed self-heterodyne interferometer. The linewidth was measured
by use of a delayed self-heterodyne interferometer. A delay ber with the length
of 9 km was used with the corresponding resolution of 23 kHz. The beat spectrum
of the ECLD output was shown in Figure 4.29(a). The center frequency of 200
MHz is corresponding to the frequency of an acousto-optical modulator (AOM)
that was used in the heterodyne detection. The linewidth was obtained to 340
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2×340 kHz 2×780 kHz
Figure 4.29: Beat spectrum of (a) the ECLD output and (b) after broadening
measured by a delayed self-heterodyne interferometer by using 200 MHz AOM and
4 km delay ber.
kHz. The beat spectrum of the broadened seed signal is shown in Figure 4.29(b).
In this measurement the AOM was removed from the heterodyne setup. Hence the
spectral center is at 0 Hz. The linewidth was 780 MHz. The BGS measurement of
PM980-XP ber has been presented in Section 4.4.1. The linewidth of BGS was
measured to be 63 MHz. From the  2 dependence of B [15], the linewidth is
estimated to 51 MHz at 1178 nm. The EF is estimated to be 16.
4.5.2 Experiment results
The output power of the FRA is shown in Figure 4.30(a). The maximum output
power as high as 10 W was obtained. Although the backward power showed
a exponential growth, the power was still low in comparison with the forward
power. The optical to optical eciency was 33% and the slope eciency was 54%.
The gain as high as 33 dB was obtained. The output power of the FRA without
the linewidth broadening is shown in Figure 4.30(b) for comparison. Without the
linewidth broadening, the onset of SBS was at forward power of 0.4 W. The slope
eciency was only 7.6%. In this case the ber length in not optimum and it must
be much more short. But with a shorter ber, the output power of the FRA will
be lowered. The backward power as a function of the output power is shown
in Figure 4.31. The cases of with linewidth broadening and without linewidth
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Figure 4.30: Forward power (red) and backward power (blue) of the FRA (a)




















FRA output power (W)
W/o broadening
With broadering
Figure 4.31: Backward power as a function of forward output power.
broadening are compared. The backward power rises much faster in the case of
without broadening.
The polarization extinction ratio (PER) at dierent output power was mea-
sured and is shown in Figure 4.32. PER became higher with the increment of
the output power because the pump light is linearly polarized and thus only the
copolarized component of the signal is strongly amplied by Raman gain.
The PER was as high as 19.5 dB at the maximum pump power. The output
spectrum of the seed and the amplier output are shown in Figure 4.33.
In Figure 4.33(b) a zoom-in of Figure 4.33(a) is shown. The spectral component
at 1120 nm is caused by the Rayleigh scattering of pump light. The signal to noise

























































Figure 4.33: (a) Spectrum of seed (blue) and amplier output at maximum
output power (red). (b) Zoom-in of (a).
4.6 Summary
The development of a single-frequency high-power FRAs at 1178 nm have been
presented in this chapter. The light source was based on the master-oscillator and
power amplier conguration.
The seed source was an ECLD based on a quantum-dot based gain chip for
1178 nm operation and a Littrow grating. The ECLD was designed for high output
power. An single-frequency linearly-polarized output with the power of 150 W and
linewidth less than 200 kHz was obtained.
For high-power ber Raman amplication of a single-frequency signal, three
dierent SBS suppression techniques have been tested. By the hybrid Raman
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ber conguration, an output power of 4.4 W was obtained at the pump power of
50 W. An increment of output with a factor of 1.8 was obtained in comparison with
the FRA without employing the hybrid Raman ber conguration. The method
is very robust because it does not require any stress applied to the optical ber,
like strain or temperature but only splicing. Since, the method needs many bers
which have dierent acoustic velocity in the core region. The power scaling with
this method might require the engineering on ber fabrication, because commercial
bers contain only few variations.
The second SBS mitigation method tested in this chapter was the strain dis-
tribution in the Raman ber. According to numerical simulation of the FRA, An
output power of about 8 W was expected by using a 250 m Raman ber with
9-step strain distribution. However, the obtained output power was only 2.5 W.
The output power was limited by SBS. The experimental result suggested the need
of more step numbers. However, it is technically dicult to bend a long ber with
several tens m manually. Although, the strength of the ber can deal with the ten-
sion that required for the usage, the ber can be cut accidentally in the bending.
If the ber was broken once, it becomes too weak to be bent again even though
it was spliced and recoated. Therefore a high-power pump source is required. By
use of the pump source we might be able to shorten the Raman ber. Thus, we
can reduce the risk in the bending process.
The third SBS mitigation technique was seed linewidth broadening. By us-
ing EOM to apply a random phase noise, the linewidth of the single-frequency
seed from the ECLD was broadened from 320 MHz to 780 MHz. The linewidth
broadening corresponds to the SBS threshold enhancement factor of 16. Eventu-
ally, from the FRA an output power of 10 W was obtained. This power was also
sucient for seeding the Yb-doped PBGF ampliers.
In conclusion of this chapter, high-power single-frequency FRAs were investi-
gated. As discussed in Section 2.3.2, the gain ration of the amplier and Brillouin
scattering determines the output power of the amplier. In the case of the FRA
the gain depends on the pump intensity. Therefore, the development of high in-
tensity pump source is also very important for the 1178 nm FRA which requires a
pump source at 1120 nm. Since, there is no commercial such source at 1120 nm,
because the wavelength is not a comfortable wavelength for Yb-doped ber laser
sources. The development of high intensity source is also very challenging.
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Chapter 5
1178 nm high-power Yb-doped photonic
bandgap ber ampliers
Typically, the optimum operation wavelength range of Yb ber laser sources is from
1070 nm to 1100 nm [41,119] where the reabsorption eect is weak and the emission
cross section is suciently large, while the emission spectrum of an Yb-doped ber
extends from 970 nm to 1200 nm. Expanding the tunable range of Yb ber laser
sources is benecial for applications. Especially, at the long-wavelength region
from 1150 nm to 1200 nm, there are several interesting applications, such as laser
guide star, spectroscopy, medicine, sensing, as a pump source and so on. For some
applications, a high-power and single-frequency light source is required. In this
case, a ber laser conguration is unsuitable, because narrow free spectral range
due to long cavity length single-frequency selection is typically dicult. On the
other hand, a master oscillator and ber amplier conguration oers an excellent
performance which realizes high-power and narrow-linewidth simultaneously [120].
For example, an ECLD which is typically narrow-linewidth [121,122] but low-power
can be souped up by a ber amplier.
In this chapter, long wavelength operation of Yb ber amplier is discussed and
experimental results of single-frequency amplication at 1178 nm are presented.
Yb-doped PBGF is used to shift the gain band to longer wavelength. A numerical
modeling is carried out to analyze the property of the PBGF.
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5.1 Yb-doped 1150-1200 nm ber laser sources
The long-wavelength operation of Yb ber lasers have been tried very intensively
with conventional Yb-doped bers [119, 123{126]. However, the output power of
these sources is not so high in comparison with that of Yb ber laser sources
at the conventional wavelength. This is because the gain is limited. It seems
strange because the gain of an Yb-doped ber is typically scalable by increasing
ber length and pump power. But in the case of the Yb-doped ber operated at
the long-wavelength region where the emission cross section is small, the scaling
is dicult because of the onset of parasitic lasing [123]. The gain spectrum of an
Yb-doped ber has a high gain contrast between the conventional wavelength and
the long-wavelength. When we increase the gain at the long-wavelength region,
the gain of conventional wavelength is much more increased. And it causes strong
amplied spontaneous emission (ASE) and parasitic lasing which can induce ber
fuse and damage of the ber end [123]. Although in a laser cavity signal feedback
at unwanted wavelengths is inhibited (e.g. by angled ber end), the high gain of
Yb ber can easily overcome the barrier and can start self-oscillation at a wave-
length with a high emission cross section. This oscillation is typically a Q-switched
oscillation which generates giant pulse by expending the stored energy in the sys-
tem. Therefore, the gain at the high gain region must be lower than the threshold
gain of the self-oscillation. The loss gained by angled facets is typically 40-50 dB.
If we regard a threshold gain of parasitic lasing Gth is 40 dB at a wavelength, e.g.
1070 nm. Then, the maximum gain at 1170 nm for on parasitic lasing condition
is expressed as





By using cross sections shown in Figure 2.2 we obtain that the maximum gain at
1178 nm is only 1.4 dB. In [123] a high-Q cavity was employed. Therefore the
laser was operated with a small gain. But the high-Q simultaneously reduce the
output power because of the small leakage from the cavity. The other way which
used to reduce the gain at the gain peak region is heating the ber [119,124{126].
Higher ber temperature increases absorption from higher Stark states in the lower
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manifold of Yb3+, which increases the loss of the short-wavelength. The heating of
the ber in literatures were applied by using heater or by the quantum-defect self-
heating of the Yb ber [126]. These methods allow laser operations with respect
to the output power around 10 W. However, the amplier operation at the long-
wavelength was still far beyond dicult. Since, in an amplier which has no round
trip signal, the energy extraction by the signal is much weaker than that in a laser
cavity. Thus, the inversion related to the gain in an amplier is much, which leads
to a low parasitic lasing threshold.
PBGF can shift the gain peak of the laser/amplier by using as spectral lter,
which was rstly demonstrated in 2006 [84]. The four level transition (1060-1100
nm) was inhibited and a 907 nm lasing was obtained. In this experiment the
PBGF was a passive ber. A rare-earth doped PBGF was demonstrated in 2008
[38]. By suppressing the gain at 1030-1100 nm, a highly ecient 980 nm laser
was demonstrated. PBGF for long wavelength operation was reported from two
alternative groups in 2008 [72, 127, 128]. In 2010, a record 167 W power was
obtained by Yb-doped PBGF amplier at 1178 nm from the corporative research
group between ILS (Univ. of Electro-Communications) and NKT Photonics A/S.
This high power demonstration of 1178 nm amplier opened the path for the high-
power narrow linewidth source at this wavelength region. Such laser sources can
be used for laser guide star, spectroscopy, and remote sensing.
5.2 1178 nm Yb-doped PBGF
Microscope images of a PBGF used in this thesis are shown in Figure 5.1. All
PBGFs used in this thesis are based on the similar structure. Those were fabri-
cated by a stack and draw technique at NKT Photonics A/S. Figure 5.1(a) shows
the inner cladding structure of the PBGF. The Yb-doped core at the center is
surrounded by a periodic hexagonal honeycomb structure composed of high index
germanium doped rods. Those are embedded in silica background. The core index
is matched with the silica background. The ytterbium dope concentration is 5000
ppmwt. The diameter of a Ge-rod is about 8.3 m. The refractive index of the
rod is 2.3% higher than that of the silica background. The refractive index prole
of a Ge rod is a parabola expressed by Eq. (3.13). The parameter p was obtained
from a ber preform to be 1.8. Pitch sizes  (center to center spacing of Ge rods)
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(a) (b) (c)
Figure 5.1: Microscope images of (a) area around core, (b) inner cladding, and
(c) airclad. The ber is a PBGF used in this thesis.
of PBGFs used in this thesis are typically in a range from 10.0 m to 10.2 m.
These bers with dierent pitch sizes oer dierent bandgap positions. In theory
the bandgap position is independent of a pitch size but dependent on the Ge rod
size. In terms of ber fabrication, changing d by scaling the ber's entire thickness
is much easier than changing d only. Therefore, d is scaled with other parameters
in the same aspect ratio. PBGFs used in this thesis have the same ratio between
the Ge rod diameter d and pitch  and d= = 0:82. The PBG position is scaled
by  for the bers used in this thesis. The bandgap position scaling is represented
by  in this thesis. Boron-doped rods replace two Ge-doped rods on both sides of
the core and provide stress-induced birefringence on the order of 10 4 to the core
region. Because of the lower refractive index (-0.006 relative to silica) of the boron
rods, the light connement is given by total internal refraction for the boron axis.
The PBGF is a double cladding conguration by airclad. The diameter of the
airclad in a range from 226 m to 245 m. The airclad structure is shown in
Figure 5.1(b). The NA of the PBGF airclad is about 0.57. The airclad structure
(shown in Figure 5.1(c)) is employed for pumping with low brightness LDs, which
is also benecial for avoiding unabsorbed pump light trapped by Ge rods. The
cladding absorption is 1.1 dB/m at 976 nm.
5.2.1 Outer cladding conguration
PBGFs used in this thesis are divided into three types by those congurations:
PBGF-R (round), PBGF-DO (double-D shape and orthogonal), and PBGF-DP
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(double-D shape and parallel). A PBGF-R type ber has a conventional round
shape outer cladding. The cross section image of PBGF-R type ber is shown
in Figure 5.2(a). PBGF-DO type and PBGF-DP type bers have double-D-shape
outer cladding. Cross section images of PBGF-DO type and PBGF-DP type bers
are shown in Figure 5.2(b) and 5.2(c), respectively. The double-D shape of outer
cladding was introduced for coil control. The dierence between PBGF-DO and
PBGF-DP types is the alignment of the boron axis. The tilt angle corresponds
to the raise angle of the boron axis. The denition of tilt angle is explained in
Figure 5.3. The tilt angle of PBGF-DO type ber is large, while the tilt angle of
PBGF-DP type ber is small.
The bers used in this thesis are one PBGF-R type ber with the pitch of
10.1 m, one PBGF-DO type ber with the pitch of 10.1 m, and three PBGF-
DP type bers with pitches of 10.0 m, 10.1 m, and 10.2 m. The bers are
labeled as PBGF-R-10.1, PBGF-DO-10.1, PBGF-DP-10.0, PBGF-DP-10.1, and





Figure 5.2: Microscope images of PBGFs in (a) PBGF-R, (b) PBGF-DO, and
(c) PBGF-DP.
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Tilt angle
Boron rod Boron axis
Figure 5.3: Illustration of the PBGF which has the double-D-shape.
Table 5.1: Geometrical parameter PBGF
PBGF-R PBGF-DO PBGF-DP
 (m) 10.1 10.1 10.0 10.1 10.2
Tilt ( ) - 77 18 18 0
dclad (m) 234 230 228 231 232
5.2.2 Spectral property
The spectral ltering property of the PBG core was measured by a white light
transmission in the core. The experimental setup is shown in Figure 5.4. The
light source was a halogen lamp. It was coupled to an endlessly-SM PCF with
the core diameter of 12 m. The test PBGF (FUT) was connected to the PCF
by butt coupling. The other side of the FUT was also butt-coupled to another
endlessly-SM PCF. The spectrum was obtained by an optical spectrum analyzer
(OSA).
The measured transmission spectrum of a 1.5 m PBGF-DP-10.1 ber is shown
in Figure 5.5. The ber was placed in straight. The transmission spectrum shows
discrete transmission bands. For 1178 nm amplication, the cuto of the 3rd
transmission band is used. The high gain region of the ytterbium is in the high
loss region (stop band) of the PBGF. At stop band, very high propagation loss
is applied. More than 25 dB loss was obtained in the 1.5 m long ber. The
transmission minimum in the gure is the noise our of the OSA. The loss of 25
dB is not actual loss which is much higher than 25 dB. No transmission in the 4th
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Figure 5.5: White light transmission spectrum of a 1.5 m PBGF-DP-10.1 ber.
No transmission in the 4th bandgap was obtained due to the absorption loss of
the ytterbium.
Bend loss
3rd transmission band spectra of ber dierent PBGFs have been measured by
use of the aforementioned withe light transmission setup. The spectra are shown
in Figure 5.6. The lengths of bers are 1.5 m. The bers were placed in dierent
bending diameters: straight, 32 cm, 26 cm, 20 cm, and 16 cm. The bent ber
included one loop and two straight parts on both sides.
The signal wavelength of 1178 nm is at the short wavelength edge of the 3rd
transmission band. A good bandgap property of PBGF is determined by the
position and shape of the short cuto. The edge slope of the band should be steeper
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and closer to 1178 nm and simultaneously the wavelength of 1178 nm should at
a at region of the transmission band. According to these criteria bers with the
pitch size of 10.1 m are typically used for 1178 nm amplier [129,130]. All bers
showed bandwidth narrowing with tighter bending. Because of the bend loss we
can optimize the cuto position by changing the coiling diameter. By comparing
transmission spectra within PBGFs with three dierent pitch size, we nd bers
that with larger pitch sizes have transmission bands at longer wavelengths.
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Figure 5.6: White light transmission spectra of 3rd bandgap of (a) PBGF-R-10.1,
(b) PBGF-DO-10.1, (c) PBGF-DP-10.0, (d) PBGF-DP-10.1, and (d) PBGF-DP-
10.2. The bending diameter was changed from straight (black) to 32 cm (orange),
26 cm (green), 20 cm (blue), and 16 cm (red).
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Connement loss
From the doping concentration of ytterbium, the maximum small signal gain of
the PBGF used in this thesis is calculated to 0.8 dB/m at 1178 nm. Therefore, low
loss of the ber is a very important property for an ecient amplication [130].
Generally the connement loss of a PBGF depends on the numbers of ring of high
index rods [82]. The core of our PBGFs is surrounded by eight rings, which realizes
very low loss which is typically less than 0.1 dB/m.
Connement loss spectra of three dierent PBGFs were measured by cutback
and shown in Figure 5.7. The measured ber was coiled on a 32 cm spool. The
ber was cut from 98.5 m to 1.5 m, from 87 m to 1.5 m, and from 55 m to
1.5 m for PBGF-R-10.1, PBGF-DO-10.1, and PBGF-DP-10.1, respectively. The
connement loss at 1178 nm of PBGF-R-10.1, PBGF-DO-10.1 and PBGF-DP-10.1
were obtained to be 0.03 dB/m, 0.09 dB/m, and 0.02 dB/m, respectively. The
measured loss of PBGF-DO is higher than other two bers.
Here we consider how connement loss impact on the amplier performance.
From the basic laser theory we nd that the maximum optical to optical conversion






















Figure 5.7: Connement loss spectra of PBGFs measured by cutback: PBGF-
R-10.1 (red), PBGF-DO-10.1 (blue), and PBGF-DP-10.1 (green). The bers were
coiled on a spool of diameter 32 cm.
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where  = g0=, g0 is small signal gain and  is the loss of the ber. Using Eq.
(2.21) Rmax for a 976 nm pumping (976 nm is typical pump wavelength of PBGF
in this thesis) is 0.49. From Eq. (2.18) the small signal gain at 1178 nm is obtained
to 0.72. According to the denition of , it is derived to 24, 8, and 36 for PBGF-
R-10.1, PBGF-DO-10.1, and PBGF-DP-10.1 and thus the maximum conversion
eciencies are 0.63, 0.41, and 69, respectively. Hence, the conversion eciency
of the amplier using PBGF-DO-10.1 is expected to be lower in comparison with
that using other bers.
5.2.3 Core mode
A near eld beam prole of the defect mode in 3rd bandgap is shown in Figure
5.8(a). The beam prole was measured in a PBGF which has the same dimensions
with PBGFs used in this thesis. The beam prole was measured by a InGaAs
camera at 1178 nm. Beside the main robe there are four satellite structures of
the ARROW nature [83]. Those are interference patterns in the adjacent Ge rods.
No satellite structures on both horizontal sides is due to boron rods, which sug-
gests the guiding mechanism in this axis is dierent from antiresonant reection.
A numerically simulated beam prole of the fundamental mode (FM) of the 3rd
bandgap is shown in Figure 5.8(b) as an example. Both measured and calculated
beam prole are quite resemble, which conrms that Figure 5.8(a) is the funda-
mental mode. The mode eld diameter (MFD) of the PBGF was measured to
10.3 m. It was obtained by tting a Gaussian function to the measured beam
prole.
An full-vector wave equation was solved by a nite element method (FEM) us-
ing COMSOL [132] for the modeling of the PBGF. The aforementioned simulated
beam prole was also obtained by this modeling. The details of the modeling is
presented in a later section (Section 5.6). The dispersion curve of the FM in 3rd
bandgap was calculated. It is shown in Figure 5.9. The pitch size of the ber used
for the modeling was 10.1 m. The blue and red dots correspond to the photonic
band plot calculated using the approximate method presented in Section 3.3.3.
Although the photonic band plot is calculated using the approximation, both re-
sults show a good agreement. The dispersion curve of the FM in the 4th bandgap
is also shown in the gure. It has slightly higher neff and narrower transmission
band in comparison with that of the FM in the 3rd bandgap.
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Figure 5.9: Photonic band plot and dispersion curves of FMs (green) calculated
for a PBGF of  =10 m . Light blue region correspond to photonic bandgaps.
5.3 Single-frequency PBGF amplier
A single-frequency amplication was demonstrated by use of the Yb-doped PBGF,
which is presented in this section. The 1178 nm seed source was the ECLD and the
FRA based on the hybrid Raman ber conguration presented in Section 4.3 was
used as the preamplier. This is the rst demonstration of the single-frequency
amplication using a PBGF to the best knowledge of the author. SBS in the
PBGF was investigated by use of a pump-probe measurement for obtaineing the
BGS. An other amplication experiment using a single-frequency optically pumped
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semiconductor disk laser (OP-SDL) as the seed source was also demonstrated,
which is presented in Appendix C.
5.3.1 Experimental setup
The amplier setup is shown in Figure 5.10. The PBGF amplier was arranged
in a simple backward-pumping conguration. Since the polarization state in the
FRA was unmaintained, a polarization insensitive in-line isolator was used at the
output of the FRA. A beam sampler was inserted in between the FRA and the
PBGF amplier for monitoring SBS in the PBGF amplier. A small part of
backward power was picked by the beam sampler and the actual backward power
was obtained by calibration. The residual pump light was removed from the signal
pass by use of a dichroic mirror. The gain ber was a 20 m PBGF-R-10.1 ber
which was coiled to a 26 cm spool. The both ends of the PBGF were angle-polished
by 10 degree after sealing the airclad by arc fusion for preventing optical feedback
by Fresnel reection. The seed power of the PBGF amplier was estimated to
1.75 W. The PBGF was pumped by a commercial 976 nm ber coupled LD. The
pump light was coupled to the cladding of PBGF with the diameter of 220 m.
The maximum output power of the LD was about 300 W. The core diameter and
PBGF 20 m 
976 nm
Fiber coupled LD


























Figure 5.10: Experimental setup of the 1178 nm PBGF amplier. The seed
source was the ECLD and the FRA was used as the preamplier.
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NA of the delivery ber of the pump LD were 200 m and 0.22, respectively. A
tight focusing of the pump light on the ber input was obtained by using f=40
mm and f=26 mm lenses in order to prevent light trapped by high-index Ge-rods.
5.3.2 Experimental results
The output power property is shown in Figure 5.11. The output power as high
as 24.6 W was obtained at the pump power of 190 W. Because the incident seed
power was insucient, the output power was saturated due to pump absorption
saturation. The amplier gain was 12 dB. No exponentially growing was obtained
in the backward power and also no sign of the SBS in the backward spectra was
obtained. Therefore, we conclude there was no onset of SBS. In general, pump ab-
sorption saturation eect can be suppressed by extending ber length or increasing
seed power. However, both are dicult due to SBS in the case of single-frequency.
The scalability in terms of the output power of the PBGF amplier will discussed
later.
The amplier output and seed spectra are shown in Figure 5.12(a). The cuto
of ASE at the wavelength around 1150 nm was obtained. The signal intensity is
>45 dB stronger than ASE peak, indicating the ASE was eciently suppressed
by the spectral ltering eect. The spectral component at the shorter wavelength
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Figure 5.11: Output power of the PBGF amplier as a function of launched
pump power. The forward power is amplier output. A part of backward power
was obtained by a beam sampler, and the actual power was obtained by calibration.
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Figure 5.12: (a) Output spectra of the PBGF amplier measured by an OSA.
The seed is shown in red curve and the amplied signal is shown in blue curve.
(b) Beat spectra measured by the delayed self-heterodyne interferometer with 4
km delay ber.
The linewidths of the seed signal and the amplier output at the maximum
power were measured by use of a delayed self-heterodyne interferometry [101]. The
length of the delay ber was 4 km. The corresponding spectral resolution is 50
kHz. A 200 MHz AOM was used in the interferometer, which determined the
center frequency of the beat spectrum. The measured beat spectra are shown in
Figure 5.12(b). The linewidth of the amplier output was obtained to be 320 kHz
which was the same as the linewidth of the seed source. Therefore, no linewidth
broadening in the amplier was conrmed.
5.3.3 BGS measurement
The BGS of PBGF-R-10.1 was measured by using a pump-probe method. The
BGS was measured at 1178 nm. Therefore, the strong absorption due to doped
Yb ions can be neglected.
Measurement setup
The measurement setup is shown in Figure 5.13. The setup is similar to that
presented in Section 4.3.3. Two 1178 nm ECLDs were used, pump light and probe
light. The wavelength of the probe ECLD was tuned by changing grating angle by
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Figure 5.13: Setup of the Brillouin gain spectrum measurement. Coupler-1 to
-3 were 3 dB couplers and Coupler-4 was a 30 dB tap coupler for reducing the
pump power. FR: Faraday rotator, PD: photo detector (cuto frequency 16 GHz),
RF-SA: radio frequency spectrum analyzer.
a piezo and the wavelength of the pump ECLD was xed. The pump power was
amplied by use of a FRA. By using a quarter wave plate, the polarization state of
the probe light was changed to be circular polarization. In this case, the Brillouin
gain in the test ber is reduced by a factor of 1/2 [63]. The measured Brillouin
gain coecient was on the form of fpCB(B), where fp = 1=2. The Brillouin shift
frequency B was obtained from the beat frequency between the probe and pump
signals.
BGS of the Yb-PBGF
The measured Brillouin gain spectra of PBGF-R-10.1 is shown in Figure 5.14.
The BGS of 1060XP ber measured in Section 4.3.3 is also shown in the gure for
comparison. The Brillouin gain parameter CB(B), Brillouin shift frequency B
and the linewidth (FWHM) of the Yb-PBGF and 1060XP are 0.12 m 1W 1 and
0.42 m 1W 1, 14.38 GHz and 14.23 GHz, 56 MHz and 42 MHz, respectively.
To compare Brillouin gain coecients between the PBGF and the 1060XP
that have dierent core size, we introduce an approximation that Aao is similar to
the mode eld area Aeff and derived an approximate Brillouin gain coecient g
0
B
dened as g0B  CBAeff . The g0B is 1.010 11 m/W for the PBGF and 1.610 11
m/W for 1060XP. Hence, there is about 1.8 dB of SBS suppression in the PBGF.
The parameters of both bers are summarized in Table 5.2.
It is interesting that the BGS of the PBGF has a small peak in lower frequency.
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Figure 5.14: Brillouin gain spectra of PBGF-R-10.1 (red curve) and 1060XP
(blue curve).
Brillouin shift frequency of a ber is related to the acoustic velocity by Eq. (2.31).
Typically Brillouin gain due to a higher order acoustic mode appears at a higher
frequency in the case of step index ber, as is shown in Appendix B. This small
peak might be originated from the cladding structure, because the core mode of
PBGF has some amount of power located in adjacent Ge-doped rods where the
acoustic velocity is slower than the core [105]. From the Brillouin shift frequency
of the PBGF, the corresponding acoustic velocity of the main peak is derived
to 5841 m/s. Refractive index of 1.45 was used. The acoustic speed is close to
the acoustic velocity in SiO2 which is 5970 m/s [133]. On the other hand the
Brillouin shift frequency of 1060XP which is a germanosilicate ber is corresponds
to the acoustic velocity of Ge-doped silica [133]. From Brillouin shift frequency
the acoustic velocity in 1060XP is found to 5780 m/s. The 1.8 dB SBS suppression
might be the acoustic antiguiding eect [60]. In order to derive the evidence of
the acoustic antiguiding eect, numerical analysis of the acoustic mode in PBGF
is a important subject.
5.3.4 Amplier modeling
The PBGF amplier was studied based on the numerical modeling presented in
Section 2.1.3. Steady state rate equations for two energy levels transition were
solved numerically. The geometrical properties corresponding to the actual ber
were used. The absorption and emission cross sections were 3.0× 10 20 cm2 and
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Table 5.2: Acoustic properties of PBGF and 1060XP
Fiber name PBGF 1060XP
Brillouin gain parameter CB (m
 1W 1) 0.12 0.42
Mode eld diameter (m) 10.3 6.9
Pol. factor fp 1/2 2/3
Approximate Brillouin gain coecient g0B (m/W) 1.010 11 1.610 11
Brillouin shift frequency B 14.38 14.23
Linewidth (FWHM) B (MHz) 56 42
3.1× 10 20 cm2 at the pump wavelength of 976 nm and 0 cm2 and 0.009× 10 20
cm2 at the signal wavelength of 1178 nm, respectively. The doping concentration is
5000 ppmwt with the corresponding Yb3+ density of 0.38×1020 cm 3. The lifetime
is 0.84 ms. The overlap factor  s was 0.8. The detail of overlap factor is discussed
in Section 5.6. The signal attenuation was 0.03 dB/m. The parameters used for
the simulation are summarized in Table 5.3. In this simulation, we neglected the
eect of spontaneous emission and backscattering loss and assumed a homogeneous
broadening. The output power as a function of the seed power and the pump power
is show in Figure 5.15. The red curve in the gure indicates the SBS limit of the
amplier. The SBS limit was calculated by assuming linear polarizations of the
seed and pump and that those are maintained on the same axis. Therefore, for
calculating SBS limit the polarization fp = 1 and CB measured in the previous
section were used. However, in the actual amplier the polarization state of the
signal was not maintained and thus fp  1. The total Brillouin gain in the amplier
is given by Eq. (4.10). The Stokes wave amplication by the ytterbium gain was
neglected. The SBS threshold gain GSBS 21.
From the seed power of 1.75 W and pump power of 190 W, the estimated output
power is plotted by pink circle in the gure. The simulation results suggest that
the amplier is operated as an highly unsaturated amplier. A saturation eect of
the signal amplication which was observed in the experiment can be also seen in
the simulated result. When xing the seed power to be 1.75 W and increasing the
pump power (go up in the gure), one nd in the unsaturated amplier region the
signal increment is small. The high inversion level of the amplier causes strong
pump absorption saturation. At 1178 nm an ecient extraction by the signal is
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Figure 5.15: Calculated output power of the 20 m Yb-PBGF amplier as a func-
tion of seed power and pump power. The SBS-limited output power is indicated
in red curves. The pink circle indicates the estimated output power with the seed
power of 1.75 W and the pump power of 190 W.
dicult because of the small emission cross section. We also nd that the output
power is almost reaches SBS limit. Therefore, it suggests that SBS mitigation is
necessary for the power scaling.
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Table 5.3: Parameters used in the modeling
Property Symbol Value
Core diameter (m) dcore 10.1
Clad diameter (m) dclad 220
Signal/core overlap  s 0.8





Signal wavelength (nm) s 1178
Pump wavelength (nm) p 976
Core attenuation (/m) s 0.03/4.343
Clad attenuation (/m) p 0
Yb3+ doped concentration (cm 3) N 0.3810 20
Upper state lifetime (ms)  0.84
Pump absorption cross section (cm2) ap 3.010 20
Pump emission cross section (cm2) ep 3.110 20
Signal absorption cross section (cm2) as 0
Signal emission cross section (cm2) es 0.00910 20
Planck's constant (Js) h 6.62610 34
Speed of light (m/s) c 3.0108
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5.4 High-power narrow-linewidth PBGF amplier
This section presents SBS mitigation in PBGF amplier by the linewidth broad-
ening method. The basic concept of the method has been presented in Section
4.5. By using the signal linewidth dependence of Brillouin gain (Eq. (2.34), SBS
mitigation can be achieved. The FRA with the output power of 10 W was used
as the seed source of the PBGF amplier. The broadened seed linewidth allows a
Brillouin gain suppression in the PBGF amplier as well as the FRA. The seed was
also linearly-polarized. By using the PM property of the PBGF a linear polariza-
tion amplication was demonstrated. The PBGF with a large tilt angle was used
in terms of ASE suppression. The details on ASE suppression and ber design will
discussed in the later section.
5.4.1 Experimental setup
The experimental setup is shown in Figure 5.16. The power of the seed was 10 W.
Polarization extinction ratio was 19.5 dB. The linewidth (FWHM) was 780 MHz.
A free-space PM isolator was inserted between the FRA and the PBGF amplier.
The isolator was also used for monitoring the SBS in the PBGF amplier. The
gain ber was 32 m PBGF-DO-10.1 ber which has a tilt angle of 77 degree. The
ber was coiled on a 32 cm spool. The ber ends were end-sealed and then angle
polished by 10 degree in oder to suppress the surface reection. The coupled seed
power of the PBGF amplier was about 5 W. The gain ber was pumped by a 976
nm ber coupled LD. The pump light was coupled to the airclad. The maximum
pump power was 280 W. The BGS of PBGF-R-10.1 has been measured in Section
5.3.3. The CB and the B were 0.12 m
 1W 1 and 56 MHz, respectively. By
assuming that the BGS of PBGF-DO-10.1 is similar to that of PBGF-R-10.1, the
EF is derived to 15 using Eq. (4.13). The ber length was increased from 20 m of
the previous experiment to 32 m. From Figure. 5.15, the saturation eect is still
seen at high pump power region even the seed power of 5 W was used. Thus, the
32 m long ber which is the longest ber we have was used.
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Figure 5.16: Schematic of the 1178 nm ber MOPA. HWP: half wave plate, FR:
Faraday rotator, PBS: polarization beam splitter.
5.4.2 Experimental result
The output power property of the PBGF amplier is shown in Figure 5.17. The
seed power was about 5 W. The maximum output power of 87 W was obtained at
the maximum pump power of 280 W. The optical to optical conversion eciency
was 30% for the launched pump power and for the absorbed pump power the con-
version eciency was 40%. The gain of the amplier was 12.4 dB. The increasing
slope of the residual pump power shows the saturation of pump absorption. Hence
the roll o from the initial slope of the forward output was mainly caused by the
pump absorption saturation. Besides that induced additional loss by the photo-
darkening is also one of considerable reasons because of the high inversion ratio in
the amplier. Since the slope of the backward scattering shows a similar shape to
that of the forward output, it suggests the absence of SBS. The PER measured at
the maximum output power was 11 dB.
The seed and amplier output spectra measured by use of an integrating sphere
are shown in Figure 5.18(a). The white light transmission spectrum of a 1.5 m
Yb-PBGF coiled on a 32 cm spool for one round is also shown in the gure.
The signal spectra show eective ASE suppression by the spectral ltering. The
spectrum measured by coupling the signal into a SM ber for high SNR is shown
in Figure 5.18(b). The spectra show a SNR of >40 dB.
The linewidths of the seed and the output of the amplier at 87 W were mea-
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Figure 5.17: Output power property of the PBGF amplier: forward (circle),
backward (square), and residual pump (triangle). The solid line stands for the
linear t of the initial slope of the forward output. The backward power was





































































Figure 5.18: (a) Spectra from the PBGF amplier measured by use of an in-
tegrating sphere. Gray curve shows the seed and red curve shows the amplier
output at the maximum pump power. Black curve shows a white light transmis-
sion spectrum of the 1.5 m Yb-PBGF coiled on a 32 cm spool for one round. (b)
Spectra measured by coupling the signal into a SM ber.
sured by the aforementioned delayed self-heterodyne interferometer. The beat
spectra are shown in Figure 5.19. No linewidth broadening was measured in the
Yb-PBGF amplier.
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Figure 5.19: Beat spectra of the seed (gray) and the output at 87 W (red)
measured by a delayed self-heterodyne interferometer using a 9 km delay ber.
5.4.3 Amplier modeling
The PBGF amplier was studied similarly to that presented in Section 5.3.4.
Parameters used in this simulation are same as that summarized in Table 5.3
except that the loss of the signal was 0.09 dB/m and the ber length was 32 m.
The output power as a function of the seed power and the pump power is show
in Figure 5.20. The red curves in the gure correspond to the SBS threshold gain
GSBS 21 multiplied by the EF. From a seed power of 5 W and a pump power
of 280 W, the expected output power was about 110 W and was indicated by the
pink circle in the gure. The calculated output power is higher than the actual
output power because of no ASE and backscattering loss taken into account. The
calculated result shows that the amplier was operated in an unsaturated amplier
regime at high pump power. It suggests a high inversion ratio in the amplier and
saturated pump absorption which caused the roll o of the output power. The
gure also shows the sucient SBS suppression by EF=15 for our setup. It is
obvious that the output power scaling is still possible by increasing the seed power
as well as the ber length. Using a tripled seed power the amplier can be operated
in the saturated amplier regime up to a maximum pump power of 280 W and an
output power of 170 W can be expected.
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Figure 5.20: Calculated output power of the 32 m Yb-PBGF amplier as a func-
tion of seed power and pump power. The SBS-limited output power is indicated in
red curves for dierent EFs. The pink circle indicates the estimated output power
with the seed power of 5 W and the pump power of 280 W.
5.5 Parasitic lasing at wavelength around 1010 nm
In a PBGF amplier which operates with a high gain ASE and parasitic lasing can
occur. Even though a huge loss can be applied outside the 3rd transmission band,
ASE can grow inside the transmission band and lead to parasitic lasing inside
the band. This results from the overlap between the continuous gain spectrum of
Yb3+ and the 3rd transmission band which has a sloped cuto edge. Thus, the
optimization of the cuto position of the 3rd transmission band by changing the
coil diameter of a PBGF is important.
On the other hand, in some PBGFs the parasitic lasing outside the 3rd trans-
mission band was obtained. Output spectra of PBGF ampliers above the par-
asitic lasing threshold are shown in Figure 5.21. In the gure, PBGF-DP series'
bers were compared. Spectra was obtained in single-frequency amplication ex-
periments. The congurations of ampliers are very similar to that presented in
Appendix C. The optically pumped semiconductor laser (OP-SDL) was used as
seed source, which allows a simple experimental setup. In each amplication, the
seed and pump power were 1.8 W and 50 W, and a 20 m long ber coiled on
26 cm spool was used. Since the ampliers were operated in similar conditions,
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the gain of the three ampliers were comparable. The transmission band spectra
of the three bers are shown in dashed lines in the gure. With a larger pitch
the cuto position shifts to a longer wavelength. Therefore, the behaviors of ASE
and parasitic lasing are dierent. PBGF-DP-10.0 ber showed very strong in-band
ASE and parasitic lasing. PBGF-DP-10.1 and PBGF-DP-10.2 bers showed weak
in-band ASE. This is due to longer cuto wavelengths. And the parasitic lasing
outside the 3rd transmission band was observed in these two bers.
As shown in Figure 5.28, from the numerical simulation the existences of the
4th bandgap and the transmission band due to its defect mode around 1000 nm
are predicted. However, a 1.5 m ber is too long. Thus, the signal in the 4th
transmission band is well absorbed by Yb3+ and cannot be observed. Therefore,
transmission spectra of the 4th bandgap were measured using 23 mm long bers.
The spectra of PBGF-DP series' bers are shown Figure 5.22. In such short bers
the signal transmission in 4th transmission window can be observed. The gure
shows that 4th transmission bands of the bers extend to 1000 nm.



















































Figure 5.21: Parasitic lasing and ASE spectra of bers with the pitch of 10.0
m (green), 10.1 m (red), and 10.2 m (blue) in PBGF-DP series. Each ber
length and coil diameter were 20 m and 26 cm, respectively. The 3rd bandgap
transmission spectra of bers on 26 cm spools are shown in dashed curves.
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Figure 5.23: Near eld images of (a) the 1178 nm core mode and (b) the parasitic
lasing mode at wavelength around 1010 nm. The pictures were alternatively taken
by switching a dichroic lter and using a CCD camera.
a wavelength around 1010 nm are shown in Figure 5.23(a) and 5.23(b), respectively.
The images were taken alternatively by switching a dichroic lter and using a CCD
camera in an amplication experiment by a 20 m PBGF-DP-10.1 ber. A LP11
like mode prole was observed in case of parasitic lasing.
5.5.1 Eect of boron rods
It was experientially found in the PBGF amplier experiments that the behavior of
parasitic lasing is dierent with respect to the alignment of the boron rods against
the bending radius of the ber. An example is given in Figure 5.24. The gure
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Figure 5.24: Output spectrum (red) of the amplier using (a) PBGF-DP-10.1
and (b) PBGF-DO-10.1 bers. Fibers were 20 m long and were coiled on 26 cm
spools. The transmission spectrum of each ber in 26 cm coil is shown in gray
curve. The alignments of boron rods are shown in insets.
shows output spectra of two ampliers using PBGF-DP-10.1 ber and PBGF-DO-
10.1 ber, respectively. The bers have the same pitch size 10.1 m but dierent
boron rods alignments against the bend radii. PBGF-DO-10.1 ber is the ber
used in the high-power 1178 nm amplier presented in Section 5.4. It has a large
tilt angle (the angle between boron rods' axis and the bend radius) of 77 degree.
The spectra were obtained in similar amplier conditions. Fibers were 20 m long
and were coiled on 26 cm spools. The seed power was about 1.8 W and the pump
power was 50 W for both ampliers. Therefore, the gain of both ampliers were
comparable.
The gure shows that the short wavelength parasitic lasing threshold is lower
in the PBGF-DP-10.1 ber which has a tilt angle of almost 0 degree. Since the
parasitic lasing around 1010 nm region is considered to be related to the 4th
transmission band. The experimental results suggest that the loss characteristic
of the mode in 4th bandgap might has some dependences with respect to the tilt
angle. Especially, when the ber was bent.
5.6 Numerical modeling
Although, the amplier results suggest that the parasitic lasing at short wavelength
is related to the 4th bandgap mode. Because of the absorption due to Yb3+ the
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characterization of the mode property in 4th bandgap is dicult. A numerical
modeling of PBGFs was carried out based on the nite element method (FEM).
A commercial FEM solver was used (COMSOL 4.4). An implemented module
for electro-magnetic wave analysis: RF module was used [132]. The numerical
modeling was based on a frequency domain FEM [92].
5.6.1 Basic of FEM
If we consider a two dimensional dielectric material. The structure of this material
is homogeneous in z axis and the refractive index prole is given by n(x; y). The
light is assumed to propagate in z direction. A single frequency plain wave is
expressed as
E(x; y; z; t) =  (x; y) exp[i(!t  z)]: (5.3)












k20 (x; y) = 0; (5.4)


























 is the ber cross section and   is the boundary surrounding 
, and s
is unit normal on  . I is a function of  called functional. In FEM the partial
dierential equation is solved as an extremal problem of I.  satisfying I = 0 is
solved. In this thesis, an vector expansion of the scalar wave equation was solved
using COMSOL. The vector form of wave equation can be found in e.g. [135].
5.6.2 Geometry
A geometry basically according to the actual ber was used for the calculation.
Some minor modication made for saving computational domain will explained
bellow. The geometry is shown in Figure 5.25. The core region is represented
by a hexagon which corresponds to the doped area. The hexagonal shape of core
was suggested by the microscope image in Figure 5.1(a). Two boron rods are
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also represented by hexagons. The face to face spacing of the hexagons equals to
the pitch  of triangle lattice. The pitch is 10.1 m in this model. The core is
surrounded by 7 rings of Ge rods. Compared with an actual ber which has 8
rings, the outermost ring is removed in order to reduce the computational domain.
In general, the number of rings determines the connement loss of defect modes.
The loss reduces exponentially with increasing the number of rings [136]. The loss
<0.1 dB/m can be obtained with >3 rings. Since the measured losses of PBGFs
used in this thesis are on the order of 0.01 dB/m, the elimination of one ring is
critical for the loss on the order discussed in this thesis. The diameter of Ge rod
was 8.3 m and d= = 0:82. The cladding diameter of 170 m is used. The
smaller cladding size is also not critical for the analyses of the core modes.
The PBG structure is embedded in a silica background of the refractive index
nsilica. The refractive index of the core is matched to nsilica and that of the boron
rods is nB. The indices in these regions are homogeneous. nsilica and nB are 1.447
and 1.441, respectively. In the Ge rod the refractive index prole is a parabola
expressed by Eq: (3.13). The graded prole parameter p is 1.8 which was obtained
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Figure 5.25: Illustration of the geometry of the PBGF. The PBG structure is




Figure 5.26: Meshed geometry of the PBGF obtained from COMSOL.
Outside of the cladding structure, a 30 m thick perfectly matched layer (PML)
is introduced. PML is an absorption boundary condition [137, 138]. By using
PML the connement loss of a mode can be calculated from the imaginary part
of the propagation constant. The PML is an originally implemented function of
the RF module in COMSOL. The domain was meshed by second order Lagrange
mesh elements. The mesh element shape is triangular in the ber domain and
rectangular in the PML. A suciently ne mesh determined from the convergence
of the solution was used.
In order to qualitatively characterize the bending eect on defect modes, the
bent ber was approximated to a eective straight waveguide (ESW) [82,139]. In
ESW an eective index prole modication was applied to the index prole of a
straight ber. The modied index prole is shown in the inset of Figure 5.25.
5.6.3 Defect modes
From the simulation result, three modes guided in each 3rd and 4th bandgap
were found: one fundamental mode (FM) and two LP11 like higher order modes
(HOMs). Three modes guided in the 4th bandgap are shown in Figure 5.27. The
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Figure 5.27: Calculated prole of defect modes in the 4th bandgap. (a) FM at
























Figure 5.28: Dispersion curve of defect modes in 3rd and 4th bandgap.
dispersion curve of modes are shown in Figure 5.28. COMSOL was operated
through a MATLAB scripting. The wavelength sweep program was written in
a MATLAB script. By running the script the curves are obtained. HOMs have
lower eective indices at the bottom region of each PBG. HOMs exist at a slightly
longer wavelength than the FM, which means the ber can guide only higher order
modes for some wavelength range. This is a unique characteristic of the PBGF.
The calculated connement loss spectrum of each mode are shown in Figure
5.29. HOMs have higher connement loss in comparison with FMs. The loss of





























Figure 5.29: Calculated mode distribution of (a) FM at 900 nm, (b) HOM1 at
1000 nm, and (c) HOM2 at 1000 nm in 4th bandgap.
3rd bandgap
In order to conrm the validity of the simulation, the calculated transmission
spectra for dierent bending diameters of the 3rd bandgap were compared with
the measured spectra. By using the ESW approximation, the connement loss of
the FM in 3rd bandgap was calculated for dierent bending diameters. The loss
spectra are shown in Figure 5.30(a). In Figure 5.30(b) the overlap factor spectra
as a function of wavelength are shown. The overlap factor is dened by P (in core
region)/P (in all domain).
From the calculated connement loss and overlap factor, the transmission spec-
trum in 1.5 m ber was calculated by considering in-coupling, out-coupling and
propagation loss in 1.5 m ber. The calculated and measured spectra are shown in
Figure 5.31. The calculated spectra and measured spectra show good agreement
with each other. The center wavelength of the calculated and measured spectra
for straight bers are 1270 nm and 1220 nm, respectively. The mismatch between
both spectra is only 4% at 1270 nm. This mismatch is considered due to the dif-
ference of the index prole between the model and the actual ber. The indices
used in the modeling were measured before the ber was drown. Those can change
after the drawing process.
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Figure 5.30: Calculated (a) connement loss and (b) overlap factor of the FM





























































Figure 5.31: (a) Calculated transmission spectrum of a 1.5 m ber for dierent
bending diameters and (b) measured transmission spectrum at dierent bending
diameters.
4th bandgap
In the previous section the validity of the calculation was investigated. A 4%
mismatch between the center wavelengths of calculated and measured bands was

























Figure 5.32: Scaled loss spectra of the 4th bandgap modes.
the loss spectra after scaling are shown in Figure 5.32. In this case the FM of the
4th bandgap is at short wavelength where there is no gain of Yb3+. On the other
hand, the wavelengths of HOMs are at the wavelength region where the parasitic
lasing is problem. The HOM1 has lower connement loss than HOM2. Therefore
HOM1 should have lower parasitic lasing threshold. Moreover, the beam prole
of HOM1 resembles the measured beam prole of parasitic lasing (Figure 5.23).
Therefore, we investigated loss property specically on the HOM1.
The bend induced loss change of HOM1 was calculated for two dierent cases:
(1) boron axis parallel to bending radius (-DP series bers in experiments) and (2)
boron axis orthogonal to bending radius (-DO ber in experiments). The bending
diameter was changed from straight to 34 cm, 26 cm, and 20 cm. The calculated
result is shown in Figure 5.33. The gure obviously shows the insensitiveness of
the case (1) against bending diameter change in comparison with the case (2).
Loss minimum around 1010 nm versus bending diameter is shown in Figure
5.34. For the case (1) the increment of the loss minimum with smaller bending
diameters is small, while it drastically increases in the case (2). This suggest it is
dicult to inhibit ASE with ber (1), which explains the results shown in Figure
5.24. The lower parasitic lasing in PBGF-DP ber was caused due to low bend
loss of the HOM1. According to this result the in the 87 W PBGF amplier the
PBGF-DO ber was used.
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Figure 5.33: Calculated bend induced loss change of HOM1 for (a) boron axis





















Figure 5.34: Loss minimum around 1050 nm versus bending diameter for the
two dierent bending conditions.
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5.7 Large mode area 1178 nm ber amplier
Single-frequency and narrow-linewidth PBGF ampliers have been presented in
previous sections. For ecient power extraction at 1178 nm, the small core sizes
was preferable because high seed intensity is required for saturated amplication.
However, in the case of narrow-linewidth, the output power is limited by SBS.
Therefore, the linewidth broadening technique was introduced in Section 5.4. As
the next-stage amplier for further power scaling, the amplier using a large mode
area ber is investigated.
In this section the property of a large mode area ber and an amplier exper-
iment using the large mode area ber are presented. The ber is composed of a
hybrid structure of PCF and PBGF. The ber provides single mode guidance by
PCF structure and gain prole engineering by PBGF structures, so called hybrid
PCF. The amplier was tested in terms of the power extraction in the large mode
area ber at 1178 nm which requires very high seed power because of the high
saturation power. A high-power ber Raman laser (FRL) was used as the seed
source. The seed linewidth is relatively broad.
5.7.1 Hybrid PCF property
The microscope images of the hybrid PCF is shown in Figure 5.35. In Figure
5.35(a), there are 3 rows of geranium-dope high index rods (Ge-rods) arranged
in a triangular-lattice PBGF structure at the center on the horizontal line. The
PBG structure is sandwiched by PCF structured claddings from both sides. The
Yb-doped core is the region where seven Ge-rods are missing. The core diameter
is 36 m. The MFD of the core at 1178 nm is expected to be 31 m which was
measured using another hybrid PCF having the same conguration. The doping
concentration of Yb3+ is 5000 ppmwt. The core guidance is based on two dierent
mechanisms: antiresonant reection (explained in Section 3.3.1) for the horizontal
axis and total internal reection for the vertical axis.
The air hole size of the PCF structure is 1.5 m and center to center spacing
of the air holes is 10.8 m. The small NA of the PCF structure oers single mode
guidance in the large area core. The diameter of Ge-rod is 7.7 m and NA is 0.29.
As shown in Figure 5.35(b) the pump cladding is an airclad with the diameter
of 239 m. The NA of airclad is 0.55. The pump absorption (cladding pump)
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Figure 5.35: Microscope images of (a) core area, (b) inner cladding, and (c)


























Figure 5.36: White light transmission spectrum of the hybrid PCF. The ber
length is 39 cm.
of the hybrid PCF is 11 dB/m at 975 nm. A double-D shaped outer cladding
was introduced for coil control. The orientation of PBG axis against the bending
radius is critical for bend loss. Because of the coil control the bent ber will orient
itself with the coil radius parallel to the PBG axis. This orientation is important,
because the small NA of the PCF structure will gives higher bending loss if the ber
is bent in the 90 degree rotated orientation. The connement loss was measured
with a 23 m ber coiled on a 1 m spool by a cutback method. The loss is 0.06
dB/m at 1178 nm. The ber is bend insensitive for coil diameters larger than 30
cm [140].
The transmission spectrum of the hybrid PCF is shown in Figure 5.36. The
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spectrum was measured by white light transmission. The ber length was 39 cm
and the ber was placed in straight. The 1178 nm signal is found to be guided in
the 3rd bandgap. At 1000 nm there is weak transmitted signal due to the mode
in the 4th bandgap. The signal at wavelength shorter than 1000 nm was absorbed
by Yb ions. Therefore, no transmission can be observed.
5.7.2 Experimental setup
The hybrid PCF amplier setup is shown in Figure 5.37. The seed source is an in-
house unpolarized 1178 nm FRL. The Raman ber of the seed laser was pumped
by the in-house YDFL presented in Section 4.2. From the laser spectrum the
bandwidth of the seed was found to 4 nm (FWHM). The output power of the FRL
is 35 W. The ber coupled seed power was estimated to be 25 W. The seed power
was higher than the saturation power which is calculated to 15 W at 1178 nm for
the MFD of 31 m. The hybrid PCF was 14 m long and coiled to a spool with
the diameter of 26 cm. Both ends of the ber were end-sealed and then those ends















Seed: 1178 nm fiber Raman laser
976 nm
laser diode
Figure 5.37: Setup of 1178 nm hybrid PCF amplier. The seed is an in-house
FRL at 1178 nm.
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5.7.3 Result
The amplier output power is shown in Figure 5.38. The maximum output power
of 53 W was obtained at the pump power of 113 W. The slope eciency was 35%.
At the output power of 49 W parasitic lasing occurred. The net gain calculated
from the expected seed power was 3.3 dB. When the pump power was further
increased, the ber end damage and ber fuse occurred.
In Figure 5.39 the output spectra at selected output powers are shown. For
the output power of 49 W and above parasitic lasing at 1000 nm was observed.
Spectral components of parasitic lasing in the gure are weak because of the high
transmission of the dichroic mirror inserted in the pumping end.
The seed input end of the hybrid PCF was blown possibly by a giant pulse
caused by parasitic lasing. The ber end image is shown in Figure 5.40(a). Because
of the destruction of the seed input end, the seed signal can not couple to the
amplier, which might cause the stronger parasitic lasing. As the result the ber





















Figure 5.38: Output power versus pump power of the 14 m hybrid PCF amplier
at 1178 nm.
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Figure 5.39: Output spectra at several selective output powers. The zoom-in
spectra of parasitic lasing are shown in the inset.
(a) (b)
Periodical structure
Airclad region Fusion collapsed
Figure 5.40: (a) Microscope image of a damaged ber end at the seed input side.
(b) Side image of a fused ber. In the right half, the airclad was collapsed.
5.7.4 Discussion
The output power of the hybrid PCF amplier was limited by the onset of par-
asitic lasing around 1000 nm. From the experimental result, the low parasitic
lasing threshold of the hybrid PCF amplier was found. The parasitic lasing was
observed around the cuto edge of the 4th bandgap, where the loss is insucient
in comparison to the gain of the amplier. The amplier is expected to be oper-
ated with a very high inversion level because of the high saturation power due to
large core area and the strong pumping due to large core/clad aspect ratio. This
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parasitic lasing might relate to the higher order mode in the 4th bandgap as well
with the case of the 10 m core PBGF.
Although the result of the amplier using the hybrid PCF was not successful
in terms of the low gain, the experiment is still valuable because it is the rst
demonstration of the 1178 nm amplication in an optical ber with the core di-
ameter larger than 10 m. From the experiment we found several points which
are important for improving the performance of the large mode area ber. One is
broad bandwidth of the stop band between the 3rd and the 4th PBG. An enough
spacing between the bandgaps is benecial for avoiding the parasitic lasing in the
4th bandgap. The other is a small core/clad aspect ratio design which is benecial
for reducing inversion ratio.
5.8 Summary
In this chapter two single-frequency ber ampliers were presented. For the gain
control of ytterbium PBGFs were used. In the core of a PBGF only the optical
signals at selected wavelengths can propagate. Therefore ASE at high gain region
of ytterbium can be eliminated from the core region if the ber was designed for.
The rst demonstration of single-frequency light amplication by PBGF at
1178 nm was presented in Section 5.3. The experiment was done not only for
amplication but also for investigating the SBS in the PBGF, because the property
of SBS in a PBGF haven't yet been investigated. From the PBGF amplier a
24 W power was obtained with the ASE suppression of >45 dB. However, in
the amplier no onset of SBS was obtained. Alternatively, the Brillouin gain
spectrum was measured using a pump-probe method. A 1.8 dB Brillouin gain
suppression was found in the PBGF due to its unique BGS. A small peak was
observed at a lower frequency besides the main peak. The peak possibly caused
by the acoustic antiguiding [105] due to the lower acoustic index of the core region
than the cladding. A numerical modeling of BGS is useful for analyzing the BGS.
The amplier was studied based on the rate equations and the laser performance
and SBS threshold were simulated. According to the simulation result, it was
found that for output power scaling a SBS mitigation technique is required.
In Section 5.4, the output power scaling of the PBGF amplier was demon-
strated by a seed linewidth broadening. The seed linewidth was broadened for SBS
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suppression from 340 kHz to 780 MHz. By the linewidth broadening a SBS thresh-
old enhancement by a factor of 15 was obtained. The linewidth was broadened
at the input of FRA. Therefore, the SBS suppression in the FRA was simultane-
ously obtained, which enables us to obtain a higher seed power. The seed power
of 5 W was amplied in a 32 m long PBGF which has a improved design for the
ASE suppression. Eventually, the output power of 87 W was obtained in single-
frequency and linearly polarization. The gain of the amplier was 12.4 dB. No
onset of SBS was obtained. A numerical modeling of the amplier suggest that
the power scaling is possible up to >200 W by increasing pump and seed power.
In Section 5.5, parasitic lasing was investigated experimentally and numerically.
It was found that the parasitic lasing occurring at 1000 nm is caused by higher
oder mode guided in the 4th bandgap. A numerical modeling was carried out to
analyze modes in the 4th bandgap which is dicult to characterize experimentally
due to the absorption of ytterbium. The results of modeling suggested that by
a proper ber design a higher parasitic lasing threshold can be obtained. The
alignment of boron rods that boron axis parallel to the bending diameter cause
an insensitiveness of the higher order mode. As the result, the parasitic lasing
threshold decreases.
In the last section a 1178 nm amplier using a large mode area ber was
presented. The ber was investigated for being used as the next-stage amplier
of the current conventional PBGF amplier for further power scaling above the
nonlinearity limitation. The ber is based on two connement mechanism: TIR
by photonic crystal structure and antiresonant reection by the PBG structure.
It has a 31 m MFD at 1178 nm, which allows a 9 times higher SBS threshold in
theory. In the experiment, the output power was limited by parasitic lasing and
ber damage was induced by the parasitic lasing. There are two main factor which
caused the strong parasitic lasing. One is the large overlap of the core and cladding
area. Another is the high saturation intensity which causes the weak depression
of inversion and high gain of the amplier. One possible direction for rening the
ber design is make a large inner cladding to reduce the overlap factor. The doped
concentration might should also optimized.
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Conclusion and future works
The performances of single-frequency ber lasers have improved drastically in
terms of output power in the last decade. However, such high-power sources have
been reported at several limited wavelengths where high gain in ampliers can be
obtained. On the other hand, for some specic applications, the high-power and
single-frequency ber laser source is required at a minor wavelength of the gain
spectrum of an active ber where gain is low, e.g., 1178 nm at the long wavelength
region of the Yb ber's gain spectrum. In such case, the development of the ber
laser source includes several challenges to be addressed. Since the small gain of
the ber requires long ber length for sucient amplication, the mitigation of
ASE and parasitic lasing at high gain region and SBS mitigation are two of the
most important things among them.
In this thesis, the development of the high-power, single-frequency, and lin-
early polarized ber laser light source at 1178 nm was presented. The ber laser
source was composed of three parts: ECLD as the master oscillator, FRA as the
preamplier, and Yb-doped PBGF amplier as the main power amplier. The
single-frequency, narrow-linewidth seed was obtained from the ECLD. The FRA
was used for increasing the seed power, because saturation power is high due to
small emission cross section and high seed power is required for the Yb-doped
PBGF amplier. Finally, the high power amplication was done by the Yb-doped
PBGF amplier. The Yb-doped PBGF was used as a means of gain prole engi-
neering. The property of the spectral ltering and SBS of the PBGF were mainly
investigated.
One main issue addressed in this thesis is gain prole engineering by use of
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PBG waveguide. In this thesis, PBGFs with an Yb3+ doped core were used.
The PBGFs show spectral ltering property which enables us to modify the gain
prole. A nearly arbitrary shift of the gain peak is possible. The gain at the
conventional wavelength from 1030 nm to 1150 nm which can cause parasitic lasing
is suppressed for the amplication at longer wavelengths. The rst single-frequency
signal amplication at 1178 nm by an Yb doped PBGF amplier was demonstrated
to the best knowledge of the author. A 20 m Yb-PBGF was used and a successful
amplication was obtained at the edge wavelength of Yb ber's gain spectrum.
The seed power of 1.8 W was amplied up to 24.6 W with a SNR of 45 dB. The
gain of 12 dB was obtained. The average gain of the amplier is simply calculated
to be 0.6 dB/m, while the pump power was 190 W. In comparison with a FRA
which is a competing technology of the Yb-PBGF amplier at this wavelength
region, this gain is higher than that of a FRA calculated to be 0.5 by assuming
the core diameter of 10 m, the pump power of 190 W (random polarization and
core pumping) and the Raman gain coecient of 0:5  10 13 m/W. Although
the gain of a FRA is proportional to the pump power and therefore the gain is
scalable by increasing the pump power, an Yb-PBGF amplier has the advantage
in a simple cladding pumping conguration by a low cost LD.
The double D shaped outer cladding of the PBGF was introduced in order to
improve the sharpness of the cuto slope of the transmission bands by preventing
ber twist. The impact of the coil control on the performance of the PBGF
was investigated experimentally and numerically. Two dierent-type PBGFs with
dierent orientation of the boron axis were fabricated and compared in 1178 nm
amplication: tilt angle of nearly 0 degree and nearly 90 degree. As the result, a
lower parasitic lasing threshold around 1000 nm was found in the ber with the tilt
angle of nearly 0 degree in comparison with the ber with the tilt angle of nearly 90
degree. From the numerical analysis, this parasitic lasing was found to be induced
by a higher order mode in the 4th bandgap (the bandgap for the signal is the 3rd
bandgap). Heretofore, higher order modes have barely been taken into account for
the ber design. One of the peculiar properties of the PBGF is that higher order
modes exist at longer wavelengths in comparison to that of the fundamental mode.
In general, such higher order mode can degrade the performance of the spectral
ltering. In the case of utilizing the short wavelength cuto of a transmission
band to suppress the gain at shorter wavelengths of a gain medium, the higher
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order modes in one-order higher bandgap should be considered, because it can
exist inside the gain band to be suppressed. This case is the case of this thesis.
On the other hand, in the case of utilizing the long wavelength cuto to suppress
the gain at longer wavelengths, higher order modes in the bandgap for the signal
will exist inside the gain band to be suppressed. Therefore, in any cases higher loss
of the higher order mode is preferable. The numerical simulation also elucidated
that the highest bend loss can be attained to the higher order mode in the case
of that the tilt angle is 90 degree. Therefore, a superior PBGF design in terms of
the parasitic lasing suppression was found to be the ber which has the tilt angle
of 90 degree.
The other issue mainly addressed in this thesis is SBS suppression. The Bril-
louin gain spectrum of an Yb-doped PBGF was measured for the rst time by
use of a pump probe method at 1178 nm. The peculiar gain prole including the
low-frequency sub-peak was observed. Because of the multiple peaks the Brillouin
gain coecient at the main peak is about 1.8 dB smaller in comparison with a con-
ventional SM ber at 1 m which has only one peak. The Brillouin gain parameter
CB was obtained to 0.12 m
 1W 1. From a numerical modeling of the PBGF am-
plier using the obtained Brillouin gain parameter, the power scaling of the PBGF
amplier was discussed. The calculated result suggests that the power scaling of
the PBGF amplier requires some SBS mitigation technique. In this thesis, the
SBS mitigation by seed linewidth broadening was demonstrated. The linewidth
was broadened from 320 kHz to 780 MHz. From the Brillouin gain spectral band-
width of the PBGF which is 56 MHz at 1178 nm, a 15 times enhancement of SBS
threshold can be expected in theory in the PBGF amplier. The amplication was
demonstrated by use of a 32 m Yb-doped PBGF which has the coil control and
the tilt angle of 77 degree. A seed power of 5 W was amplied up to 87 W. The
output power is the highest single-frequency power obtained from an Yb-doped
ber amplier at 1178 nm. No sign of SBS was obtained through the amplication
experiment. The numerical modeling of the amplier suggests an output power of
>200 W is possible with the seed linewidth. Typically, the maximum linewidth is
limited by the requirement of applications. The experimental result presented in
this thesis suggests that if the seed linewidth up to 1 GHz is allowed, the output
power over 200 W is possible by an Yb-PBGF amplier. The light source with
these properties can be used for laser guide star application which requires the
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laser linewidth below 2.7 GHz.
As another solution for the power scaling of the single-frequency amplier, the
core area scaling of the PBGF was investigated. In this thesis a hybrid PCF was
used. The ber has the core size of 36 m. By enlarging the core size from 10
m to 36 m, a 13 times enhancement of SBS threshold is expected. Whereas,
the amplication becomes very challenging due to the increased saturation power.
From the experimental result, an optimum core/cladding aspect ratio and a wide
spacing between the 3rd bandgap and the 4th bandgap are found to be very impor-
tant in order to suppress the parasitic lasing at 1000 nm which currently limits the
output power of the amplier. The gain of 3 dB was obtained in the experiment.
By rening the ber design, this ber will be able to be used for the power scal-
ing of single-frequency with the seed linewidth narrower than the Brillouin gain
bandwidth of the ber (several tens MHz).
Future works
Since, the inversion ratio in 1178 nm Yb-doped PBGF ampliers is typically higher
than 0.35 because of the small emission cross section, the eect of photodarkening
is more serious in comparison to an Yb ber amplier operated at a conventional
wavelength. The investigation on the co-dopant material which mitigates the
photodarkening is one of the most important subject. Cerium is expected to be
the most promising candidate currently [53].
Since 1150-1200 nm light sources are targeted to the yellow-orange region, an
ecient second harmonic generation (SHG) is important. Further power scaling
of the fundamental source is desired for some applications. Especially, for LGS
application high power at 589 nm is required. For the next generation thirty
meter telescopes, the adaptive optics using six LGSs was proposed [141]. The
system requires a total 589 nm power of 150 W (each LGS 25 W).
By using an external enhancement cavity for the frequency doubling more than
80% of the conversion eciency can be obtained. However, in order to obtain an
ecient resonance with the external cavity, the laser linewidth needs to be bellow
MHz level. The power scaling over 100 W level with the linewidth bellow MHz
level is dicult for current 10 m PBGF design because of SBS. The large mode
area ber proposed in this thesis can be a promising candidate by resolve current
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parasitic lasing problem for the future power scaling.
Another alternative option will be pulse operation of the PBGF amplier. In
this case, if several tens kW peak power is obtainable, a conversion eciency
comparable to that using an enhancement cavity will be possible by a single pass
frequency doubling. For a pulsed operation, the current small core design of the
PBGF is preferable because the saturation power can be reduced and the power
extraction is easier. In this case, the problem might be signicant SBS limit due
to the high peak power. SBS mitigation by linewidth broadening technique has
been addressed in this thesis might be also eective for the power scaling of the
pulsed operation.
A pulsed light source is also used for LGSs [142]. By using a pulsed source,
the negative eect caused by Rayleigh scattering can be avoided. Therefore, a
high average pulse LGS source is also desired. On the other hand, the optimum





For detection of the light coming from stars farther away from the earth, a larger
mirror is required to collect the weak signal. Moreover the diraction limited
resolution known as Rayleigh's resolution limit is inversely proportional to the
aperture. The angular resolution is given by  = =D where  is wavelength, and
D is aperture. The current generation ground-based telescopes include the primary
mirror with the aperture of 8 to 10 m: Subaru Telescope (NAOJ) with a 8.2 m
primary mirror; Very Large Telescope (VLT) of ESO which based on 4 individual
telescopes and each has a 8.2 m mirror; Gran Telescopio Canarias (GTC) at Islas
Canarias which has an eective aperture of 10.4 m ; and Large Binocular Telescope
(LBG) in America in which two of the currently largest mirror of diameter 8.4 m
are used and the eective aperture is 11.8 m. Now some projects are moving on for
the next generation telescopes which have larger and larger apertures. It becomes
possible to make such kinds of very large telescopes because of the advancement
of technologies. Therefore, nowadays the quality of images is no longer limited
by the quality of optics but by the atmospheric disturbance. Since there are at-
mospheric density, temperature, and motion distributions, the phase of an optical
wave is disturbed during the atmospheric propagation [145]. The magnitude of
the disturbance is represented by an eective resolution called seeing. The seeing
in Japan is typically 3-arc-sec and in a place with a small atmospheric uctua-
tion, 0.5-arc-sec can be obtained. However even demonstrating the observation
in such place with the small atmospheric uctuation of 0.5-arc-sec, the eective
aperture is still limited to be 90 cm ( = 2:2 m was used). Therefore, the res-
olution of telescope is signicantly limited by atmospheric uctuations. In order
to obtain the inherent resolution by solving the problem atmospheric distortion,
123
Appendix A
adaptive optics (AO) technology was introduced as an indispensable technology
for the ground based large telescopes [23]. The key technology of the adaptive
optics is the deformable mirror and the wave front sensor. The deformable mirror
is a mirror which can change its round of curvature by the electrical signal applied
to the connected Piezo actuators. By using the deformable mirror to correct the
distorted wavefront, the diraction limited resolution can be obtained. For operat-
ing the deformable mirror with an appropriate signal a precise information about
the atmospheric uctuation is required. A natural star was used to be utilized as
a guide star. However for the accuracy of the correction the guide star cannot be
too far from the target and too dark. Therefore, the available area is only a few
% of the whole sky.
Alternatively, it have been suggested that the laser back scattering from lower
atmosphere (Rayleigh scattering) and mesosphere (sodium resonance uorescence)
can be used as guide star signal [146,147]. The rst demonstrator of lower altitude
Rayleigh scattering laser guide star (LGS) was reported in 1991 [148]. And now this
type LGS is employed in e.g. the William Herschel Telescope at the Roque de Los
Muchachos Observatory. The rst AO by using sodium LGS was demonstrated
in 1984 and which was reported in 1991 [149] by Humphreys et al. A pulsed
589 nm laser source was developed by sum frequency generation of two Nd:YAG
lasers [150]. The rst demonstration of continuous wave (CW) LGS to the best
knowledge of the author was done by Ge et al in 1998 [151]. The analytical study
was intensively done in 1990s for both pulse [152{154] and CW [155]. The results
of these studies were utilized in LGSs used in the current generation telescopes.
An example of the requirements of LGS source are summarized in table 1. For
obtaining a high brightness from LGS strong resonance by narrow linewidth and
high power source is required. The spectral bandwidth should be narrower than
the Doppler broadened sodium absorption spectrum which is 2.7 GHz at 90 km
altitude [154]. However, sodium excitation by a broadband source compared to
the sodium linewidth has been also suggested [142]. A CW or quasi-CW light
source is preferred to avoid saturation [156]. The current practical LGSs used
in telescopes are based on frequency conversion technologies. There are mainly
two methods, e.g. the sum frequency generation from two Nd:YAG lasers is used
in Subaru Telescope [29] and frequency doubling of 1178 nm ber sources based
on a master-oscillator and power amplier (MOPA) conguration employing ber
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Raman amplier (FRA) [34, 157]. The observation using LGS based on FRA is
started in VLT, ESO. Besides these practical light sources in use, there are several
new technologies which have been developed intensively, being as the candidates
for LGS sources: ytterbium doped bers [39]; Bismuth doped bers [158]; and
semiconductor lasers [35].
Table 1: Requirements of LGS
Wavelength (nm) 589.150
Output power (W) 10-50
Linewidth (GHz) <1
Beam quality M2 <1.2
Operation CW or Quasi-CW (1 kHz)
Tuning Range (pm) 3 om
Stability of power 5% for 8 hours
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Numerical modeling of BGS
The Brillouin shift frequency is related to the propagation speed of the acoustic
wave from Eq. (2.31). Since the propagation speed is dierent for dierent or-
der acoustic mode, the Brillouin gain spectrum shows multiple peaks if the ber
guides several acoustic modes. However it is dicult to identify that the BGS
includes how many acoustic modes from the obtained spectrum. In order to help
the analysis of the measured spectrum, a numerical calculation of BGS has been
demonstrated.
Wave equation of acoustic and optical waves








u(x; y) = 0; (1)
where r2? = @2=@x2 + @2=@y2 is the transverse Laplacian operator in Cartesian
coordinate, a is propagation constant of the acoustic mode, and u(x; y) is the
displacement eld distribution. The propagation constant a is given by a = 2o
where o is the propagation constant of optical mode. The equation was solved for
a ber structure by using a commercial nite element solver: COMSOL version
4.4 in which the Mathematics module; Classical PDEs; Wave equation mode was
employed. The propagation constant of optical mode is given by
o = neffk0; (2)
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where neff is the eective index of the optical mode and k0 is the magnitude of
wavevector in vacuum. neff was obtained by use of the solver's RF module; Mode
analysis to solve the vector wave equation describing the conned optical mode
propagation given by [15]
rr E+ n(x; y)2k20E = 0; (3)
r2?E(x; y) +

n(x; y)2   n2eff
	
k20E(x; y) = 0: (4)
In order to perform the calculation, a step index prole of dope concentration
distribution was assumed. Since the acoustic velocity and the refractive index both
are aected by doping concentration of GeO2 [57, 109, 133, 159], the information
of dope concentration is required. At rst the refractive index of the core was
obtained from the core NA by assuming that the cladding is a non-doped SiO2
which has refractive index nclad of 1.45. From the core NA (
p
n2core   n2clad) of
PM980-XP is 0.12, the core refractive index ncore was obtained to be 1.455. Then,
from the refractive index dierence (ncore   nclad) of 0.005 the dope concentration
was obtained to be 3.8 mol%, and by using the obtained dope concentration the
acoustic velocity in the core was obtained to be 5760 m/s [133]. The acoustic
velocity in the cladding was assumed to correspond to that of SiO2 and was set
to be 5970 m/s according to Ref. [133]. The diameter core corresponding to the
doped area was set to be 5.5 m and the clad diameter of 60 m which is about
1/2 of that of the actual ber was employed in order to reduce the computational
domain. The computational domain was meshed by the triangular mesh elements.
At the center of the whole domain, an circular domain of diameter ve times larger
than core diameter was dened, in which the element size was set to be smaller
than A. In the rest of domain the element size was set to be smaller than 3A. At
where close to the boundary of two domains the element sizes were automatically
changed to continuously connect the mesh elements. A account for the wavelength
of acoustic wave was approximately dened by A u o=2.
At rst Eq. (4) was solved to obtain the eective index neff of the optical mode.
It was obtained to be 1.452 for the fundamental optical mode. The calculated
mode prole is shown in Figure 1(a). Then, the propagation constant o was
obtained from Eq. (2) and thus the propagation constant of acoustic mode a














































Figure 1: Field distributions of the calculated optical mode: (a) LP01 and the
calculated acoustic modes: (b) L01; (c) L02; and (d) L03.
acoustic modes which contribute to Brillouin scattering were obtained.
Table 2: Properties of calculated optical mode and acoustic modes
LP01 L01 L02 L03
neff 1.452 B (GHz) 15.739 15.813 15.944
- - vA 5766.6 5793.7 5841.7
Aeff (m
2) 37.0 Aao (m
2) 39.1 3500 4240
Mode proles of optical and acoustic modes
The calculated led distributions of acoustic modes which interact with the fun-
damental optical mode are shown in Figure 1(b), (c), and (d). Only the axial
symmetric acoustic mode to the ber axis can have a large interaction with the





























Figure 2: One dimensional eld distribution of the calculated optical mode and
acoustic modes.
distribution. The acousto-optical eective area Aao is a scaling factor of Brillouin
gain coecient given by Eq. (2.36). By calculating Aao we obtained that the Aao
of higher order acoustic mode is lager in two orders of magnitude than that of the
fundamental acoustic mode. Furthermore, the axial unsymmetrical modes have
more than ve orders of magnitude larger Aao in comparison with the fundamen-
tal mode. Thus, these axial unsymmetrical modes do not contribute to Brillouin
scattering. The properties of the calculated optical mode and acoustic modes are
summarized in table 2. The eective area Aeff of the optical mode was obtained
by use of Eq. (3.1). The one dimensional eld distribution of the both optical and
acoustic modes is shown in Figure 2. Because the higher order mode has antiphase
component in the mode distribution, the overlap integral with optical eld become
smaller. Therefore, the higher order mode has the larger Aao.
Calculated Brillouin gain spectrum
The Brillouin gain spectrum of the ber can be calculated from Eq. (2.32) and


























































Figure 3: Calculated Brillouin gain spectrum of PM980-XP ber.
wherem = 0; 1; 2;    denotes the mode order of acoustic mode. The BGS shown in
Figure 3 was calculated from Eq. (5) by using e = 0:902, n = 1:45, p = 1064 nm,
 = 2210 kg/m3 [133] and assuming the Brillouin gain bandwidth to be B = 63
MHz. The calculated BGS shows a good agreement with the measured spectrum
besides the slightly lower peak value and the lower frequency. These dereferences
come from that in actual ber the dope concentration has some kind of continuous
variation instead of a stepwise function and also it is dicult to obtain an accurate
dope concentration from the core NA.
Wavelength dependence of acousto-optical area
Aao and Aeff were calculated for dierent wavelength from 1000 nm to 1400 nm
shown in Figure 4. As the discussion in section 2.3.1, gB is independent of the
pump wavelength. However the calculated result shows that Aao become larger as
pumping at a longer wavelength. Therefore CB become smaller with increasing
of the pumping wavelength. According to the dierence of Aao, Brillouin gain is































Single-frequency PBGF amplier with OP-SDL seed
The experimental setup is shown in Figure 5. The advantage of using the OP-SDL
is that one can simplify the setup. Output power up to 4 W in a linear polarization
can be obtained from the single oscillator. Therefore, the similar output power
from the PBGF amplier in comparison to the previous result using the ber
MOPA can be expected in linearly polarization without using a preamplier. The
OP-SDL was composed a free space cavity. The output was send to the input
facet of the PBGF amplier through free space. In the free space two isolators
were used to prevent optical coupling to the OP-SDL cavity. HWPs were used to
maximize the signal transmission at isolators. The last HWP was used to adjust
the in-coupling SOP. PBGF2011-3 series were tested in the setup. The ends of the
PBGF were angle polished by 10 degree. The gain ber was cladding pumped by
300 W class ber coupled LD at 976 nm.
Experimental result
In this experiment PBGF2011-3-10.2 ber were tested in the single-frequency am-
plication. The ber was selected by comparing the white light transmission shown
in Figure 5.6. The pitch =10.2 m ber showed the closed cuto to the wave-
length of 1178 nm.
At rst, a 30 m PBGF was used. The ber was coiled in the diameter of 26 cm.
The incident seed power was about 1.5 W. The SOP of the OP-SDL was linearly
polarized and which was aligned at 45 degree to the PM axis of PBGF thus the
SOP changed periodically in the PBGF due to the birefringence of the ber. In





























Figure 5: Experimental setup of the PBGF amplier bested on the coil controlled
PBGF. The seed was the OP-SDL.
The output power property is shown in Figure 6 in blue dots. Although no
role o was obtained in the output power. From the output spectrum, the onset of
SBS was obtained. The spectrum of forward and backward at the pump power of
100 W are shown in Figure 7. The spectra show the spectral components at longer
wavelengths due to SBS. Since SBS was obtained in the 30 m ber. For the next,
the ber length was shortened to 20 m. Then the amplication was demonstrated.
The result is shown in red dots in Figure 6. The backward power was reduced
in comparison to the amplier with the 30 m ber. By shorting the ber length,
the SBS was suppressed, as the result a 31 W output power was obtained without
SBS-limited while it was limited by pump power limitation. The gain was 12.6
dB. The signal spectra of the seed and the amplier output are shown in Figure
8(a) and the zoom-out spectrum of Figure 8(a) at the maximum output power
is shown in Figure 8(b). From Figure 8(a) it shows that the signal intensity was
increased without changing of the spectral shape. Figure 8(b) one nd no ASE
component around 1178 nm. The spectral component of the wavelength region
shorter than 1160 nm is considered to be the uorescence of Yb in the cladding as
same as the former experiment by PBGF2009-10.2 ber. In this experiment the
























Launched pump power (W)
Onset of SBS
Figure 6: Output power of the PBGF amplier composed of PBGF2011-3-10.2























Figure 7: Output spectrum of the PBGF amplier by a 30 m PBGF2011-3-10.2
ber at the pump power of 100 W.
In Figure 9(c) the spectral linewidth obtained by use of the in-house scanning
FPI is shown. The signal duration and the scanning speed were 3.2 m and 47
GHz, respectively. Therefore, the linewidth was obtained to be 149 kHz. The
nesse, free spectral range and linewidth of the interferometer were 24000, 1.5






































Figure 8: (a) Output spectra of the PBGF amplier measured by OSA. The seed































Figure 9: Temporal variation of the transmitted light intensity through the Fabry
Perot interferometer when scanning the cavity length. The scanning speed was 47
GHz/s.
Optically pumped semiconductor disk laser
OP-SDL is a solid state laser like semiconductor laser. In contrast to the typical
semiconductor LDs driven by an electric current, The gain material of OP-SDL
is a thin chip without electrodes and pumped by a light wave. The merit of OP-
SDL is the large pump volume. Therefore, a relatively high output power can be
obtained. Furthermore by employing an external-cavity, a very good TEM00 mode
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can be obtained simultaneously with a high power from a single oscillator.
Cavity conguration
The conguration of OP-SDL have been shown in Figure 5. The OP-SDL is
arranged in a V-cavity conguration. The cavity contains a 1000 m thick YAG
etalon and a 3 mm thick quartz birefringent lter for obtaining a single-frequency
operation. The arm length of gain disk side and the output coupler side are 250
mm and 170 mm, respectively. The beam diameters of cavity mode on the gain
disk are obtained to be 592 m for tangential axis and 550 m for sagittal axis.
The transmittance of the output coupling is 1.5%. The gain disk is pumped by
a ber coupled LD at 808 nm. The lens pair were selected to focus pump to the
diameter around 600 m. The power of pump laser are 42 W at current of 35
A. Because the semiconductor material has a very strong absorption coecient
dierent from a solid state thin disk laser a multi passing conguration of pump
beam is not required.
Gain disk
The schematic of gain disk module is shown in Figure 10. On to the gain disk a
diamond heat spreader with wedge was attached by an optical contact. Then the
diamond heat spreader was xed in a copper mount which was cooled by water
ow at temperature of 12.6 degree. The output side of diamond heat spreader is
AR coated to avoid unwanted reections.
The gain chip was monolithically grown from 1180 nm distributed Bragg reec-
tor (DBR) composed of AlAs/GaAs on a substrate. Then, the active region com-
posed of 10 layers of Ga1 xInxAs (x35%) QW, 10 layers of GaAsxP1 x (x89%)
strain compensate layer and GaAs pump absorption layers lling the space be-
tween the QW layer and the strain compensate layer were grown on the DBR.
In the active region the three layers was stacked alternatively. Finally the whole
layers were covered by AlGaAs window.
Output property
The single-frequency output power property is shown in Figure 11. About 3.7


























Figure 11: Output power of the OP-SDL as function of pump power.
single-frequency output power was limited by the start of multi-mode lasing. The
single-frequency operation was conrmed by using an in-house scanning Fabry
Perot interferometer (FPI) by scanning the FPI more than one free spectrum
range (FSR) of the FPI. In Figure 12(a) the temporal transmission is shown. The
nesse, the free spectral range and the linewidth of the interferometer were 24000,
1.5 GHz and 62 kHz, respectively. From the FSR and the duration between two
transmission signal the scanning speed can be obtained as 42.7 GHz/s. The laser
linewidth was also measured by the interferometer. The zoom-in of the trans-
mission spectrum shown in Figure 12(a) is shown in Figure 12(b). The FWHM
linewidth was 3.9 s therefore from the scanning speed 42.7 GHz, the linewidth







Figure 12: (a) Temporal variation of the transmitted light intensity through the
Fabry Perot interferometer when the cavity length of the interferometer was swept.
(b) As same as (a), the scanning range is more than one free spectral range of the
interferometer. The scanning speed was 42.7 GHz/s.
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